PREFACE TO THE REVISED EDITION 


The first printing of "Typical Oscilloscope Circuitry" had a favorable 
reception both from our customers and from Tektronix personnel. The 
success of the first attempt has emboldened us to issue a revised edition. 
No major revisions will be found if the revised edition is compared to 
the first printing. Small errors which crept into the first printing have 
been corrected , and the drawings have been corrected to conform with 
these changes. 

"Typical Oscilloscope Circuitry" brings together in one volume much 
of the basic information which has been used at Tektronix for training 
purposes. It may be used as a first text for teaching oscilloscope circuitry, 
or as supplementary material in a broader program. 

New components and circuits are found in the latest oscilloscopes, but 
the present book is applicable to the majority of instruments. We believe 
that "Typical Oscilloscope Circuitry" will be useful for a number of years, 
and we will endeavor to keep it in print until our customers no longer feel 
a need for it. 
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Chapter 1 

PULSE VOLTAGES AND CURRENTS 

The subject of p ulses ls important to you if you use an oscilloscope 
in your work. Almost certainly many of the waveforms you look at with your 
oscilloscope are pulses* 

If you maintain an oscilloscope you need to know about pulses because 
these instruments generally depend upon various pulse waveiorms for 
their normal functioning. 



Fig, 1-1. A sequence of equare-wsv* pulses. 



Fig, 1-2* A sequence of aattinocft pulses. 



V Fig. 1-3, a sequence a< spike pulses. 


A pulse ls a waveform that occurs when a voltage or a current rises or 
falls from some constant M normal” value (perhaps zero, perhaps some other 
value) and later returns to that value. Examples of pulses include " square" 
waves'(Fig. 1-1), "sawtooth" waves (lUg. 1-2), and "spikes" (Fig. 1-3). 


1-1 


For simplicity we shall in most cases consider rertedilL pulses. Periodic 
pulses are those that recur repeatedly, all pulses in a sequence being the 
same in shape, amplitude, duration, and time spacing, 

l-l Some Quantities of interest in pulse studies, In order that we shall all 
have the same ideas in "mind when we use a given term, let us define at 
least approximately some concepts from pulse terminology. 

a. Pulse period. The pulse period in a sequence of periodic pulses is 
-he elapsed time between any given point on one of the pulse waveforms and 

- ip!.- r on the following pulse. Thus the period of the square-wave 
pulses o 6 . 1-1, for example, is the interval between points A_and B.-- 
that is, 0.5 millisecond. 

b. Pulse repetition frequency . When we state the number of periodic 
pulses that occur in a given unit of time, we are expressing what is known 
as the pulse repetition frequency (or pulse repetition rate ). For example, 
the pulses •tehown in Fig. 1-1 occur at a repetition frequency of 2 pulses 
per millisecond (equivalent at 2,000 pulses per second). 

c Pulse duration. The duration of a pulse is the time interval between 
the first and the last instants at which the pulse voltage (or current) reaches 
some specified percentage of the peak voltage (or current) of the poise. 
Suppose we- want to know the duration of each square-wave pulse in Fig. 
1-1 between the 50-percent-of-peak-voltage instants. This duration is the 
interval between points A and C - -that is, 0.2 millisecond. 

d. Duty factor of pulses . For periodic pulses, the duty factor (often 
called - the " duty cycle ) is equal to the duration of a pulse multiplied by the 
pulse repetition frequency. The duty factor often expressed in percent. 
For example, the pulses in Fig. 1-1 have a duration (between the 50-percent- 
of-peak-voltage instants) of 0.2 millisecond, and a repetition frequency of 
2 pulses per millisecond. Therefore, the duty factor of these pulses is 0.2 
* 2 * 0.4, or 40 percent. 

e. On-off ratio. This ratio is equal to the pulse duration divided by the 
remaining ponton of the pulse period. The waveform of Fig. 1-1 shows 
pulses whose duration (between the 50 -per cent-of-peak-voltage instants) 
ls 0.2 millisecond and whose period is 0.5 millisecond. Therefore the 
on-off ratio is 0.2 4 - (0.5 - 6.2) — 2/3,‘or about 67 percent. In some usages, 
the on-off ratio is called the mark-space ratio. 


f. Pulse amplitude. The amplitude of a pulse is any term indicating the 
magnitude of the pulse.' Thus we might refer to the pea|c-tt>-p<?qK aaigkU&£ 
of a pulse (the number of voltage or current units separating the most 
positive excursion of the pulse from the most negative excursion). The 
instantaneous amplitude is simply an indication of the " height" of the pulse 
waveform in voltage or current units, at any instant. The avg l & a g-fl lMllB&fi- 
of a pulse is the average of the instantaneous amplitude taken over the pulse 
duration. The effective or rms amplitude, of a pulse Is calculated in much 


the same way that a similar quantity would be figured for a sine wave-- 
by taking the square root of the average of the square of the instantaneous 
amplitude over the pulse duration. 

(The " amplitude" designations just mentioned are the ones we encounter 
most often in electronics studies. But to avoid confusion in our communications 
with people in other fields--physics, mechanical engineering, etc,--we must 
remember that these people often use the term amplitude i n somewhat 
specialized ways. For example, one common definition states that the 
amplitude of a wave is one-half the peak-to-peak excursion.) 



Fig. i-4. We can represent a puLse 
source by a iero-lmp^d|mc* 
generator that tie livers ® 
varying no - Load e>i£n*U vol¬ 
tage tj , in eerie* with in 
jm£rnai impedance 7 0 . 11 
small, we refer to 
the pulse source a* a COn~ 
tung-voltage source. If Z t 
j* large, we refer to the 
pulse source as a 
current source. 


1-2 General nature of a pulse source. We can think of a device that generates 
or transmits pulses as if it were made up of these two devices connected 
in series (Fig. 1-4): 

1, A zero-impedance generator delivering a voltage that is at every 
instant equal to the instantaneous no-load output voltage of the actual pulse 
generator or transmission device* 

2. And an impedance z 0 that simulates the actual Internal Impedance of 
the signal source. 

Note that if we should measure the impedance of the source in Fig. 1-4 
across its output terminals 1 and 2, in the absence of an external load, we 
would get a reading equal to the internal impedance z 0 (since the generator 
itself is assumed to have zero impedance). 

Now suppose we connect an external load r across the output terminals 1 
and 2 of the source. We see that if the internal load impedance Z 0 is very 
small, the resulting signal current i will cause only a small voltage drop 
across 2 0 + Under these conditions, then, the voltage v t supplied to the 
external load R will be nearly equal to the no-load source voltage *j, over 
a wide range of values of the external load impedance* Thus we refer to a 
low-impedance signal source as a " constant-voltage source," meaning 
that the signal vqlf a gff it supplies to an external load doesn't depend much 
upon the impedance of that load. 
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On the other hand, if the internal load impedance z 0 is very large, and if 
the external load impedance is only small or moderate, the amount of signal 
current » supplied to the load will not be much affected by changes in the 
external load impedance* Thus we refer to a high-impedance signal source 
as a u constant-current source," meaning that the signajj^uX&SiX-it supplies 
to an external load doesn't depend much upon the impedance of that load* 

In summary, if we drive a load impedance by means of a low-impedance 
source (effectively a constant- voltage source), then the nature of the load will 
have relatively little effect on the source output y£liag£-waveform although 
the output current waveform might be greatly affected. But if we use a high- 
impedance pulse source (effectively a constant-current source), then the 
nature of the toad impedance will have relatively little effect on the output 
current waveform although the output volr^e. waveform might be greatly 
affected* 

Although we shall use the ideas just expressed quite extensively, it certainly 
wouldn't be amiss to note that the internal impedance z 0 of a pulse source 
isn't necessarily constant* In fact, it would not be unusual to find that Z 0 
varied over wide limits during a single pulse period* But the preceding ideas 
are sufficiently general to give us a simplified approach to many circuit 
problems. And in many instances these ideas apply quite accurately. 

1-3 Responses to current and voltage pulses* Suppose we apply a voltage 
pulse of known waveform to a basic circuit element--a resistor, an inductor, 
or a capacitor, We shall refer to the resulting pulse waveform of current 
that flows in the circuit element as the of the element to the 

voltage, pulse. 

Similarly, if we send a current pulse of knoi^n waveform through a circuit 
element, we shall refer to the waveform of the resulting voltage drop across 
the element as the response of the element to the current pulse, 

We shall for the time being consider for simplicity that a circuit element 
is made up of only pure resistance, pure inductance, or pure capacitance. 
We must realize, however, that in practice it is impossible to construct a 
resistor that is entirely free of inductive and capacitive effects. In fact, 
any one of the three basic circuit elements considered here must necessarily 
show at least a' little of each of the pther two of these characteristics-- 
resistance, inductance, and capacitance* The degree to which the unwanted 
characteristics affect the pulse response is determined by the design of 
the circuit element and by the nature of the pulse waveform itself. 

We shall consider only "linear" circuit elements--that is, resistors, 
inductors, and capacitors whose characteristics do not change with current 
or voltage. 


1-4 Pulse responses of resistors * Suppose we apply a voltage pulse of known 
waveform across the terminals of a resistor whose resistance is ft. Let 






i? represent the voltage of the pulse at any instant. The current £ that flows 
at that instant can be found by Ohm's law: 

i-JV Eq. (i-i) 

Since the current through the resistor is always proportional to the instant^ 
aneous applied pulse voltage, the shape of the current pulse through the 
resistor must be the same as that of the applied voltage pulse. 

Similarly, if the signal applied to the resistor is a current pulse, the 
shape of the voltage pulse that appears across the resistor must be the same 
as that of the applied current pulse. 


Back emf in an inductor. In the next paragraphs, we shall consider what 
must be the waveform and magnitude of the voltage pulse that is developed 
across the terminals of an inductor, in response to an applied current pulse 
through the inductor. 

Consider an inductor whose inductance is L henrys. For simplicity, 
suppose for the moment that the inductor is entirely free of resistance and 
capacitance (although we cannot actually construct such an inductor). Let 
us think of what would happen if we sent a varying current through the inductor. 
These facts become apparent: 

L Since the inductor is presumably free of resistance and capacitance, 
any voltage drop caused by the varying current must result solely from 
inductive effects, 

2. As we already know, the effect of inductance in a circuit is to develop 
an induced voltage whenever the current in the circuit is changed. The 
polarity of the induced voltage is such as to oppose the change in current* 

3. The amount of induced voltage at any instant depends upon two thingB: 

(a) the rate of change of rhecurrent at that instant, in amperes per second, and 

(b) the amount of inductance in henrys. 

Since the induced voltage tends to oppose the change in current, we call 
this induced voltage a foack emf (or counter emf). And this back emf, appearing 
across the inductor terminals, is the feapomi^Qf the inductor to an applied 
current pulse. 

The foregoing facts will be very useful to us in predicting the pulse response 
of an inductor. 

1-6 Slope of a curre nt or voltage waveform. We have just seen that the 
voltage response of an inductor to an applied current pulse is, at any instant, 
determined by (a) the rate of change of the current, and (fc) the amount of 
inductance. Since we assume that the amount of inductance is fixed, let us think 
further of just what we mean by the rate of change of a current. 
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Consider the sawtooth current waveform shown in the graph of Fig, 1-5, 
In particular, consider the rising (positive-going) portion of the waveform, 
from point ^to point jj. Note that, in this rising portion of the waveform 
the current rises from 10 miUiamperes at point A. to 50 milliamperes at 
point J3_ on the graph. That is, between these two points, the current changes 
by 40 milliamperes. 



Fifc. i-S. A uwiouih currcmpuLti#, In 
iht interval ah t the Luri-tut 
rises at a constant rate of 4 
miliiamperes (Q P 0C)4 ampere) 
per second. Thai id T iJie 
current has a rate of change 
- that is equal to U. 0 Q 4 
ampere* per second, in the 
interval B the current fa Us 
at 3 constant rate of 20 ml Hi- 
amperes (0.02 ampere) per 
second. That is, the currem 
has a rate of change" that 
la equal io -0.02 ampere per 
second. 


We also note that the time interval that elapses between pointy and point U. 
is 10 seconds. 

In summary, between points A^andJi: 

1, The current rises through a range of 40 milliamperes, 

2, And the time interval required for this change is 10 seconds. 


Clearly, a rapid change in current is indicated on the graph by a steep 
portion of the waveform. That is, the current is changing most rapidly where 
the of the waveform is greatest. Thus we can co qsider rhe.filppe of a 

cuitem wayg fferm t in any given part of the waveform 1 as being the same 
change^L_tbja_iiui^ in that part of the waveform. 


To calculate the slope of a pulse-current waveform, we divide the amount 
of current change that occurs during the interval in question bv the time 
MEpjafuai she intervaL In the waveform of Fig. 1-5, then, the slope of the 
current waveform, during the internal between points A, and ii, is 40 - 10 
■= 4 miIliamperes per second (equivalent to 0,004 ampere per second). 


And since the current is mpreflsiag during this interval, we say that the 
slope is positiv e. 


As a further example, consider the interval from point to point C_, 
Here the current decreases from 50 milliamperes to 10 milliamperes 
(a change of - 40 milliamperes). And the time interval required for the 
change is 2 seconds. Thus the slope of the waveform, during the interval from 
point to point C, is - 40 r 2 ~ -20 milliamperes per second (or -0,02 
ampere per second). The minus sign in the result indicates that the current 
is decreasing during the interval in question. 
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If the waveform of Fig. 1-5 had been a voltage poise, rather than a current 
pulse, we could similarly have calculated the slop e of the pulse-voltage 
waveform over the intervals from point _^_to point B and from point B to 
point Q, To do so, we would simply have divided the amounts of voltage 
change by the time intervals in seconds required for the changes. The 
resulting slopes of the voltage waveform would have then been expressed 
in volts per second. 


1-7 Derivative of a voltage or current. We refer to the slope of a current or 
voltage waveform, at a given point on the waveform, as the derivative (rate 
of change) of the voltage or current at that point. The derivative of a current 
is indicated by ^ . That is, is a symbol for the rate of change of 
current i with respect to time L Similarly ( the derivative of a voltage is 
indicated by ^ (or ^ ). 

Let us not become involved here with the operations with derivatives chat 
are presented in advanced mathematics. Instead, let us content ourselves 
with the simple graphical idea of the derivative based on the elope of a graph. 
This idea allows us to gain some insight into the operation of pulse circuits. 

Note on the graph that if the derivative at a given instant is positive t this 
fact indicates that the voltage or current is in creating (becoming more 
positive) at that instant. A negative derivative indicates that the voltage or 
current is falling (becoming more negative). And if in a given part of a 
waveform the derivative is zero then the graph of the voltage or current is 
horizontal in that part of the waveform (that is, the voltage or current has 
a zero rate of change). 


You can check that in Fig. 1-5, 

Between points A and jj. ^ = 0,004 ampere per second 
and between points B and ^ - -0.02 ampere per second 

To make use of the ideas we have just learned, we remember that the 
response of an inductor to a current pulse in a voltage waveform whose 
amplitude at any instant is determined by the rate of change (derivative) 
of the current at that instant and by the amount of inductance in the inductor. 
This fact gives us an important relation for the voltage v across the inductor 
terminals: 

*-L Eq. (1-2) 


As a matter of fact, Eq(I-2) expresses the fundamental nature of induct gflcg- 
jjIn other words, it tells us that in every ca& £ r so far as inductance 
can be separated from other circuit properties, the voltage across a pure 
inductance is at every instant equal to the product of the inductance times the 
rate of change of the current. 


As an example, suppose we apply a current waveform like that of Fig, 1-5 
(redrawn in Fig. l-6a) to a 300-millihenry inductor. Taking L * 0,3 henry, 
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we get from Eq. (1-2) the result that, between the instants identified by points 
A_ and B_, the inductor voltage will be 0.3 ■ 0.004 - 0.0012 volt (or 1.2 milli¬ 
volts), And between the instants identified by points £_ and Q the inductor 
voltage will be 0.3 * (-0.02) - -0,006 volt (or -6 millivolts). We have shown 
■i* 3b. the resulting voltage response of a 300-millihenry inductor 

when uie current of Fig. l-6a flows through the inductor. 



fa; 

The current pult^ 

at Fig, 1-5, redrawn. 


a ) 

The pultie-YDlT*g£ response 
of an inductor of 300 mllh- 
hstirye (0,3 henry \ to the 
current pulse u i Fig. 1-fra. 
The voltage response of the 
inductor is aj*,*yif uquji to 
. Therefore in [he 
interval AH the inductor vol - 
cage response i« 0.3 x O.OtM 
” 0,0012 volt(1.2millivolts) 
And in the Interval HC tJie 
indueiur voltage response is 
0.3 x t-0.02) = -0,006 volt 
{that i$ t -6 mi Hi volts). 


Fig. 1-6 


It would be wise to notice specifically that, in pulse work, we’re now " 
working with circuits where the wavefort^ of the voltage is not necessarily 
the same as the waveform of the current. This situation is in contrast to 
that existing with sine-wave ac and with continuous dc. 


1-8 Derivative at a single point on a waveform. Thus far we have considered 
a waveform that varies at a constant rate over an interval. For example, 
the waveform of Fig. 1-5 rises at a constant slope of 0,004 ampere per second 
over the entire interval from point to point B, so that the graph follows 

a straight line over that interval. 

T # 

But in what follows, we shall often need to think of the derivative of a 
voltage or current at a single point on the graph. And the graph might be a 
cmive . rather than simply a straight or broken line. For example, in Fig. 1-7 
we might want to know the derivative of the current (that is, the slope 
of the current waveform) at the point O on the diagram. 

Our first step in calculating this instantaneous slope at point D is to draw 
■ 1 ^ X to the curve at that point. For present purposes, we can 

say tha. >:LlS tangent line is simply a straight line that touches the curve ac 
point Ji and at no other point in the immediate neighborhood of_D. 
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Next we use the method of Sec, 1-6 to calculate the slope of a hypothetical 
voltage or current waveform that changes according to the tangent line X 
instead of following the actual pulse waveform. We consider this calculated 
slope of X to be the derivative of the actual voltage or current at the instant 
defined by the point D , 



Fig. 1-7, illustrating tin? lK-: -.v.irLvc 

(ilVj 1 ii MU! .r.j(L' of 

J[ tllL L ^ILIH fl Oil 

j ^ ur ivm w.-iwIm: m L l'hv 

Mfjighi Enbii^L",i Lmi' 
dfuiwiT] rLi-u-t^k jvim; full* 
through a run^- oi 0.ft 
ampere during |$i|-rv4l 
of 9 hl j cu]iJ.s, T:iL.'. r L.torL-we 
iiay iliar <±1 pomi t> nw cur¬ 
rent Jl 4 ^ 4 derivjtr.O Jyihat 
ii> tqual Ki 0 , 6 - 7 -9 “ G.U67 
ampere per second. 


For example, in Fig, 1-7 the tangent lineT falls from 0,6 ampere at a point 
corresponding to a time of i second ( to zero amperes at a point corresponding 
to a time of 10 seconds. Therefore at point D the current has a derivative 
equal to -(0,6 -0) + {10 -I)= ^0,6 f 9 *■ 0.067 ampere per second. 


1 -9 Graph of the derivative of a voltage or current . Let us again consider 
the current pulse shown in Fig, 1-7, This waveform is redrawn in Fig, l-$a. 
In the latter figure we have drawn tangent lines to the current graph at 
several lettered points. If we evaluate the derivative of the current (slope 
of the tangent line) at each of these points by the method of Sec. l-8 ( we 
get the results shown in Table 1-1 ( as you can check, 

TABLE 1-1 


Point in 
Fig, l-8a 


Derivative 
of current 
(slope of 
tangent line ) 


A 

B 

C 

D 

E 


0 

+ 0,3 

0 


-0,067 

0 


In Fig, l-8b we have graphed the derivative ^ , including values taken 
from Table 1-1, Note that the height of the derivative curve shown in 
Fig, I-8b is everywhere proportional to the derivative of the current whose 
waveform is shown in Fig, l-8a, * 
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1-10 Response of an inductor to a current pulse. Suppose we use a source of 
current pulses to drive a load consisting of an inductor that has negligible, 
resistance and capacitance (Fig. 1-9). Recalling Eq, (1-2), we know that 
the response voltage v of the inductor at any instant will be equal to the 



The current pul^ of Kig. 
1-7^ redrawn. Here we hive 
drawn urgent linen at var¬ 
ious pulnlw /f, f\ etc,, 
throughout she pulnc-dur - 
utiuu interval. Ai>d we huve 
calculated the correiqioivd- 
ing value* of The derivative 
of the current {inmari4neuu& 
rate of current change) 
as tiliown in Table 1-1 in the 
text. 


Graph of the derivative of 
the current pulse of Fig- 
1-Ua. \t each insidnt„ the 
the derivative graph 
of Tig, 1-Hb is equal to the 
derivative (slope) of the cur¬ 
rent waveform of K'lg. L“N. 
]f we send the current pulse 
of Kip. L-Ba through an in- 
ductur of inductance L, we 
find the pulse-voltage re¬ 
sponse of the inductor by 
multiplying the height of the 
graph of Kig. l-8t (at each 
instant) by L- 


inductance L multiplied by the derivative of the current ($f). Therefore, 
if the applied current pulse has the form of Fig, l-8a p the response voltage 
.,-vr the same shape as the derivative graph of Fig. i-8b. In fact. 
Fig, j. ^ ^ws the actual response voltage waveform if we multiply the 
heigSit of the curve at each point by L ■ 



Kig. 1-9, .Source of current. pulses driving an Inductive load. 





Similarly, if we send a sine wave of current(Fig. 1-IOa) through the 
inductor, the waveform of the voltage drop across the inductor will have a 
height at every instant equal to the product of the inductance L times the 
derivative of the current at that instant. Fig 1 - IQk shows the derivative of 
the current, plotted from the slopes of the tangent lines to the current 
curve of Fig. 1-IOa. Thus the voltage drop across the inductor has the shape 
of the cosine curve of Fig. l-10b. 



A h iii l.' w,ivo of current. 


Cr-<[Hl nr Thu dL-rivdtl^ of 
(he t.urrcrtl bLiu.' WJVe of 
r [%. 10it. ii 40 Kvnd 

itlt? t'UrMH iif I'l g. 

J-JU* through jui jnJuctur 
of indue m mv 1. 1 -, ±n 

ImJ Tlif vulu^L 1 rVsIlulUV 
of t he inductor ■;Vok JgC 
drop the indue tor) 

hy multiplying The hei^hl 
of The gruph oE Ntf. l-LO* 
fut e.itli inAtiant} i>y I*. 


We see that, interestingly enough, when the current is at a n^xjxauxD 
its rate of change is zero - - so that the induced voltage is zero. On the 
other hand, when the current passes through z; crQ its race of change is at 
a maximum - -so that the induced voltage is at a maximum. But this result 
simply bears out the fact that the voltage across the Inductor terminals follows 
a sinusoidal curve (when the current Is a sinusoidal wave), but that the voltage 
curve leads the current curve by 90 degrees--tbat is, the current lags the 
voltage by 90 degrees. 


Figures 1-il and 1-12 show the voltage-drop responses of an inductor to 
two other pulse waveforms. You can check that the voltage is at every 
instant proportional to the derivative of the current (slope of the current 
waveform) at that instant. 


Ml Response of an inductor toa volta ge pulse; the slope problem reversed . 
In the preceding section, we considered what would happen if we applied a 
current pulse of known waveform to^an inductor of negligible resistance and 
capacitance. In that case, the g iven quantity was the waveform of the current 
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Voltage response of an 
inducicr to the current 
waveform of t"ift. 1-11*. 
At each in^Tinrihf inductor 
voltage renponse is pt o- 
|W) r L LOtia 1 [u tli e dcr i v j t iYt r : 
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(a) 

A further sample c»f a 
current waveform. 
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Voltage re*i|vnKc‘ -if Jik 
inductor to tin.’ current 
waveform of I Lg. L-lia. 
At eaeh iiuiiant The inductor 
volume response id pro¬ 
portional to the derivative 

rrikjjJu) of (he current wave¬ 
form of hift. 


i-n 


l-ii 





pulse, and the unknown quantity that we wanted to find was the waveform of 
the voltatie pulse aeross the inductor. We found that at all times 




Eq. (1-2) 


That is, the voltage across the inductor at every instant is equal to the 
product of the inductance L times the derivative of the current at that instant. 

Now suppose we apply across the terminals of the inductor a vijiliiSi.poise 
of known waveform , and see how we can determine the waveform of tile icsulc- 
ing current pulse through the inductor. Here, too, Eq. (1-2) applies--so that 
whatever current waveform flows in the inductor, we at least know that the 
graph of the rjr> H yfirive of the current waveform must have a shape like that 
of the applied voltage waveform. In fact, we can rewrite Eq- (1-2) as follows: 

ft =Y h * Hq. (1-3) 

Although Eq (1-3) doesn't tell you directly how much current i must flow- at 
every instant, it does tell you how fast i is changing; and with this information 
you can sketch the current waveform. You can sketch the current curve by 
feversinn. the process you used in Secs. 1-9 and 1-10 to graph the voltage 
response of the inductor to an applied current waveform. 

Here is how you can carry out this reverse process, to sketch the current 
pulse that will flow in an inductor in response to an applied voltage pulse: 

1 Suppose for example, that we apply the voltage waveform of Fig. 1-13^ 
to an inductor. Select several points (A* B ( etc.) along the horizontal axis 
of the voltage-pulse waveform, as shown. These points correspond to 
various instants in the pulse duration. 

2 Determine the height of the given pulse ( v volts) at each of the selected 
points. Divide each of these voltages by the inductance L of the inductor. 
Here, we assume that L is equal to 1 henry. 

3 On the graph sheet for the proposed current waveform (Fig. l-13b) t 
locate points (A 1 , B_' t etc.) corresponding to the instants selected in step 1, 
Draw a straight* "tangent 11 line through each of these new r points. Make 
the slope of the line through each point, in amperes per second, equal 
to the result found in step 2 for that point. 

4. Sketch a new curve (Fig. l-13b) such that, for each instant you selected 
in step 1 the curve is tangent to the appropriate line you drew in step 3 
or to a straight line parallel to that line. This new curve is the graph of a 
current pulse chat might be the response of the inductor to the applied 
voltage pulse. 

If you now mentally go hack through these steps in reverse order, you 
,i| Mt , L , that the height of the original voltage pulse waveform at any instant 
U proportional to the slope of the resulting current pulse oi step 4 at that 
instant. Thus tiq . (1-2), which describes the basic behavior of an inductor, 
is satisfied. 1 
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Integrals . A curve whose slope at every point is equal to the height of 
a given curve is called an integral curve to the given curve. This simply 
means that: 

If the height of a curve A at all points is proportional to the slope (de¬ 
rivative) of a curve B , then another way of stating this fact is to say that 
the height of curve B is proportional to the integral of the quantity graphed 
in curve A. 


Example of voltage pulse. 


Current response of a \ - 
henry Indue wr to the vol¬ 
tage pulse of Fig. 1-I3a. 
At each Instant the derivative 
(slope} of the current~ 
response curve of b ig. l-lSb 
is proportional to the height 
of the applied-voltage wave¬ 
form of Pig. l-L3s, In other 
worils. the Inductor current 
response at each instant is 
proportional to the Integral 
of the applied voltage. 


SLOPE = O 


SLOPE-Q 


JT * 2 

/ SLOPE 

f* 4 

r ; c* * o' s 


As an example, we learnpd in Sec. 1-7 that the voltage across an inductor 
is at every instant proportional to the derivative of the current in the 
inductor. Therefore we can also say that the current in an inductor is at 
every instant proportional to 


For instance, the current pulse of Fig. l-13fc_has a waveform determined 
by the integral of the applied voltage graphed in Fig. 1-13a, And conversely 
the ,applied voltage curve of Fig. 1-1^ has a height proportional to the 
derivative of the current of Fig, l-13b,* 


*In mathematical symbols, we indicate the integral of a voltage byA^dl or 
by ^£dt. We indicate the integral of a current by j i dt. ^ 
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M3 Dc component. As we have just noted, the slope (and therefore the 
shape) of an integral curve is determined by the height of some original 
curve. But this fact alone doesn't determine the height of the integral curve 
at any particular point* For example, in Fig. 1-14, curvejjs some given 
original curve* And curve b_ is an integral curve to curve a--that is the 
slope of curved is everywhere determined by the height of curve a/fiut 
curves c. and d_ are also integral curves to curve_a. That is, the slopes of 
curves c_ and jl are also everywhere determined by the height of curve a. 
Note that all of the illustrated integral curves (b^.andji) have the same 
shape--but that their positions on the vertical sealtTare different* 


ra; 

The voltage puJ«e of Fig. 
redrawn. 

T 

/os*c 




f ■ 4. Some of t tw infJniu- 
number of poaafhlv tur- 
rvnj - rettponae curves |j^t 
can reunit when we Apply 
the voltage poJtu of lig, 
1’lf* to * 1-henry in¬ 
ductor* AlJ of these cur¬ 
rent-reuponBe curves have 
the shape of the curve of 
Fig* 1-13*+ But Uicve cur- 
renl-fSHpoR^ft Curves dif¬ 
fer in their vertical loca¬ 
tions on the graph. The 
varioua vertical locations 
simply Indicate different 
finsoiants of steady (dc) cur- 
rent in the inductor. 


Actually, any one of an 11 infinite 11 number of curves might fill the require¬ 
ment of being an integral curve to some given original curve* However, 
the slope of each integral curve at every point must be established by the 
height of the original curve--so that all integral curves must have the 
same shape* 

If we applied a voltage pulse like curve a, to a 1-henry inductor, the current 
response of the inductor might be either curve b t curve c or curve d Or 
the current response might be any other curve having the same shape as 
curves b, e t and d_--but positioned differently on the vertical scale* 

Actually, the steady or dc current if any, in the inductor establishes 
which of these current curves applies* This dc current exists in addition 
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to the varying pulse current, and is presumed to exist both before and after 
the varying pulse current flows. It is the constant " normal" value, perhaps 
zero perhaps some other value, from which the actual pulse current varies. 
We mentioned this " normal" value in the first paragraphs of this chapter. 


1-14 Responses of capacitors to applied.pulses,. In general, when we change 
the voltage across the terminals of a capacitor, we accomplish this voltage 
change by removing electrons from one plate of the capacitor and by adding 
electrons to the other plate. Thus, as far as the circuit external to the 
capacitor is concerned, the effect is in many ways the same as if we were 
sending a current through the capacitor. (But as we know, no actual current 
can flow through the capacitor since the dielectric material separating the 
plates is an insulator.) 


This apparent current flowing in the capacitor is called a displacement 


cnrrent - It is this displacement current that we shall consider here. 



(a) 

Ljwm|>k' ofovtflufcepulHV. 


(b) 

Current response of a 
capacitor to the voltdge 
pulbc of Kig. 1 - 15o. At 
«ach inutiint the capacitor 
current response is pro- 
purtiondl to the derivative 
^lopti) of the voltage wave¬ 
form of Fig- i -1 ^fl¬ 


it can be shown that the displacement current that flows in a capacitor at 
any instant is equal to the product of the capacitance in farads times the 
derivative (rate of change) of the applied voltage in volts per second* In 
symbols 


i-C 


Eq* (1-4) 


Thus when we apply a voltage pulse to a capacitor, the response of the 
capacitor is a displacement current that is at every instant proportional to 


the slope of the voltage waveform at that instant. If ( for example, we apply 
a voltage pulse having the waveform of Fig. 1-15a to a capacitor, the capacitor 
current will follow the waveform of Fig. l-lSfc, You can check that the current 
is at every instant proportional to the derivative of the voltage. 



<<*) 


A riJuii yt vyilufi?. 


K 



a>) 


The currem reipamse of a 
capacitor to the voltage 
uine wave ol 1-16*. 

At each instant the capac¬ 
itor (/grreiK g^jxume in 
pniportliuHLal Lh* 1 lu. 1 dvriv*- 

llVl? MypV> i)l (lltf VujE4f.« 

»4vdun)i u| h i)l. £‘16 *l 


As a further example, if we apply a sine wave of voltage (Fig. l-l6a) 
to a capacitor, the waveform of the current in the capacitor will have a 
height at every instant equal to the product of the capacitance times the 
derivative of the voltage. Here, too we can draw tangent lines at various 
points on the applied-voltage waveform of Fig, l-16a. Then we can use 
the slopes of these tangent lines to calculate the derivative of the applied- 
voltage waveform at various instants. Then we can find the capacitor current 
at any instant by multiplying the capacitance times the derivative of the 
applied voltage. Fig. l-16b shows the resulting capacitor-current waveform. 
This result bears out the fact that the current in the capacitor follows a 
sinusoidal curve (when a sine wave of voltage is applied)—but that the 
current leads the voltage wave by 90 degrees. 

Conversely, when we apply a current pulse to a capacitor, the voltage drop 
across the capacitor will have a pulse waveform whose slope is 

^ (1-5)' 

In other words, the response of the capacitor to a current pulse is a voltage 
waveform corresponding to an integral curve of the given current pulse. 
Thus, to sketch the ca pacitor-voltage waveform that results from a given 
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(a) 

Example of a current pulse. 


(i>) 


responwt? of i 
capacitor tu the current 
pula? at Fig. 1-17*. At 
each imiiant the-derivative 

(slope) at the voliage- 

response curve ahown in 
Fig. 1-Pi Is proportional 
in the height of ?h« current 
pulse shown In Fig. 1-17*, 
Jn other words, the capa¬ 
citor voltage response at 
each Instant is proportional 
to the integral of the applied 
current- The actual ver ¬ 
tical location ol the vol¬ 
tage-response curve will 
be different if thecapacltor 
ha& been charged io some 
d c. voltage before the cur¬ 
rent pulse si artu. 


cauaci tor-current waveform t we need only sketch an m cegral curv e of 
this given current waveform. To,do this, we can use the method we found 
In Sec, 1-11 (where we sketched inductor-current waveforms that were 
integral curves of given inductor-voltage waveforms). If, for example, 
we apply the current pulse of Fig. l-17a to a capacitor, the resulting voi~ 
tage drop across the capacitor might have the waveform of Fig. l-17b 
(or any similar waveform above or belov^ the waveform of Fig, l-17fc). 
The dc voltage if any, to which the capacitor was charged before the start 
of the current pulse establishes the vertical location of the actual current 
waveform* 
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SQUARE-WAVE TESTING 

A basic problem in pulse workisthatof making more or less rapid changes 
in the currents or voltages in electric circuits. We remember that every 
circuit must contain at least a little resistance, capacitance, and inductance-- 
whether or not we intentionally connect R, C , or L in the circuit. Thus our 
problem of changing a current or voltage involves things like changing an 
inductor current or changing a capacitor voltage--always with at least a 
little of all three properties (fl, C, and L ) present. 

2-1 Square- wave testing. An excellent measure of the pulse response of s 
circuit is its response to a step function. In other words, we apply to the 
circuit under test a voltage or a cur rent'that changes very rapidly (ideally, 
in zero time) from one value to another. Then we can observe the circuit 
response on an oscilloscope. 

As an example, if we suddenly connected a battery to the input terminals of 
an amplifier, and’ observed the resulting output waveform on an oscilloscope, 
we would be observing the response of the amplifier to an input step function. 
Step-function waveforms may be either positive-going (Fig. 2-la) or negative¬ 
going (Fig. 2-lb). 



Fig. )-l 


In practice, we generally find it convenient to use square waves rather 
than simple step functions. A positive-going square-wave pulse (Fig. 2-2a) 
can be considered as a positive-going step function followed by a delayed 
negative-going step function. And a negative-going square-wave pulse 
(Fig. 2-2b) can be considered as a negative-going step function followed by 
a delayed" positive-going step function. 
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In most applications we apply periodic square waves to the input of the 
device whose pulse response we are testing. In this way we get repetitive 
output waveforms in response, so that we have a good view of the output 
waveform on an oscilloscope. 


POSITIVE-GOlNGi 
"STEP FUNCTION 


NECiATlVE-GiQlNei 
" STEP FUNCTION 


A poaiiive-going square 
wave dL>rtait*l« of a positive- 
going step function followed 
by a delayed negative-going 
step iunction. 


NE&ATlVE-CGiUft 
STEP FUNCTION 


POSITIVE -<aOlN(a 
^STEP FUNCTION 


Fig. 2-2 


A negative-gsiing square 
wave c£>nsist& f>l a negative- 
going function followed 
by a positive-going step 
function. 


Here we shall consider only circuits that operate in a linear manner. That 
is we shall asume that our resistors, inductors, and capacitors have valuer 
• ■ 'r ^on’t change with current or voltage; and that our tubes operate in linear 
■ * X h ^ characteristic curves. If two circuits operate in a linear 
manner - . these circuits have identical responses to square-wave input 

pulses ‘then we can expect these two circuits to give responses similar to 
each other when we feed other waveforms (sawtooth, spike, etc.) into the 
circuits. ^ 

Let's note that we can't a ctually generate a 
function of voltage. For evesy circuit must contain at least a small amount 
of capacitance--and Eq. (1-5) tells us that 


Now if the voltage across a capacitance jumps instantly (that is, in zero tun ) 
from one value to another, then the rate of change of the voltage (*/*)■ 
be "infinite" --greater than any number we can think of. Then, according 
to the above equation, the current » must therefore also be infinite. And in 
practice we can’t generate an infinite current. Therefore the voltage across 
a capacitance can't change instantly from on e value to another. 

Similarly we c an’t gene rate'a theor e tically perfect step function of curre nt. 
For every circuit must contain at least a small amount of inductance-an 
Eq. (1-3) tells us that . 

Ji ^ 

Now if the current in an inductance jumps instantly from one value to another , 
then the rate of changeof thecurrent (di/dt). must be infinite. Then, according 


to the above equation, the voltage v must therefore also be infinite. And 
in practice we can't generate an infinite voltage. Therefore t he current in 
an inductance can't change instantly from one value to another. 

But we can generate " step” functions of voltage or current that rise just 
as rapidly as we need them to--if we are willing to expend the effort needed 
to devise the required circuits. Nevertheless, a voltage or current can't 
change instantly from one value to another. 

To lead into the field of square-wave testing, let us consider first the 
responses of simple RL and RC circuits when we apply step functions to them. 

j.j The RL circuit. As an example of the problem of making rapid changes 
jh 1 "fho current in an inductor, consider the circuit of Fig. 2-3. Here R 
includes the resistance of the inductor as well as any other series resistance 
in the circuit. If we close the switch Sj we apply the steady battery voltage V 
to the series RL combination, so that a current i flows in S and L. Let us 
see how this current varies after we close the switch. 


St 



Fig, 2-3 When we close switch ^ we 
apply a positive-going voJ- 
tAge seep Junction to the 
tones RL circtui. The 
amplitude of thlt step func¬ 
tion is ific dc buttery vol¬ 
tage V- 


a. Operation of a resistanceiess circuit. Let us first imagine what would 
happen in a hypothetical case where the total resistance R in the circuit 
of Fig. 2-3 is equal to zero--that is ( the terminals of R are short-circuited. 
At the instant when we close switch s 2 , we thus apply a step of voltage (Fig. 
2-4a) directly across the Inductor terminals. The response of the inductor 
to "this voltage step is a current (Sec. 1-11) having a rate of change or 
derivative equal to 

~Yl v Eq. (2-1) 


In the present ca.se t the inductor voltage v is simply the steady battery 
voltage v at all instants after we close S 2 . Thus s in the present case B 

§ - -x- < 2 - 2 > 

Therefore the current would rise at a constant rate equal to-^-amperes per 
second ( as shown in Fig. 2-4b. # 
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b. Circuit operation with resistance present. The preceding discussion 
tells us what would happen if there were no resistance in the circuit. But 
in a practical circuit, there will be some resistance, whether the resistance 
is undesirable or whether we intentionally connect a resistor in the circuit. 
Let us consider the operation of the circuit when resistance is present. 



O 


* Fig. 2-4 




Tin? punitive -Huliig 
tfitrp function that wu upply 
hi the HL l'LixuH nf 2-3 
when we ckme the switch 


m 


The current that flows in 
the circuit of fig. 2-3 in 
response to the voltage step 
function of Fig. 2-44, when 
A is hypothetically equal to 
zero. Since the applied vol¬ 
tage {Fig, 2-4sj is constant 
after we close switch S l „ 
the slope (derivative) of the 
resulting current (Fig. 2-4b) 
is constant in accordance 
with Eq. (3-1). 


(c) 


An approach to the actual 
currefit in the circuit of 
Fig. 2-3 when we take the 
resistance ft into account. 
In the Interval 04 the cur¬ 
rent 19 still small. There¬ 
fore we neglect the voltage 
drop across ft and assume 
that the current rl>ies 
according to Fig. 2-4b. Ln 
interval AS we tftlte into 
account a certain amount of 
voltage drop across ft so 
that the current ln L rises 
less rapidly. In interval BO 
we taice into account a siill 
greater voltage drop across 
ft so that the inductor cur¬ 
rent rises even less rapidly. 


(d) 


The actual current in the 
circuit of Fig. 2-^ The 
current doesn’t actually in¬ 
crease Ln steps, bait dees 
according to a smooth curve. 


When we close Sj, we apply the voltage step shown in Fig. 2-4a to the series 
combination of L and R. F<?r the first little while, the current in this RL 
combination tends to rise along the straight-line graph of Fig. 2-4b. (During 
these early instants of current rise, the current itself is still small, so 
that the voltage drop across if is small. Thus during the early part of the 
current rise nearly the full battery voltage Vis applied to L.) For simplicity, 
let us assume that the full battery voltage y is applied to L alone for some 
short interval of time--say, until the current has reached the value indicated 
at pomt_A in Fig. 2-4£, 
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Let us consider that at the instant identified by point the current has 
increased to a value such that we have to take into account the voltage drop 
across ft. The voltage across the inductor itself will now be less than the 
battery voltage V by the amount of the voltage drop across ft. Let us call 
this reduced inductor voltage Vj* If we could assume that the inductor voltage 
remained constant at the new value V t volts for a short interval, then during 
that short interval the current would rise at a reduced rate equal to ^amperes 
per second, in accordance with Bq (2-2), This rise at the reduced rate is 
indicated between polnts_A and J3 in Fig. 2-4£, 

Similarly, suppose at point _B the current is enough greater to make us 
take into account the fact that the voltage drop across ft has increased even 
further. This greater drop across ft reduces the inductor voltage even 
further. Call the reduced inductor voltage V 2 , Assume that during the interval 
between points B and C_ the inductor voltage remains constant at the value Vg 
volts. Then during the interval between pointsJ3 and C, the current rises at 
a new rate ^amperes per second in accordance with Eq. (2-2). 

In an actual circuit, the voltage drop across ft doesn't increase in steps* 
Instead, the voltage drop across ft starts to increase Just as soon as the 
current* begins to flow. And even an infinitesimal current increase causes a 
corresponding tiny increase in voltage drop across ft and a resulting small 
decrease in the voltage applied to the inductor. As a result the current in 
an actual inductor doesn't change abruptly as shown at points A and B in 
Fig. 2-4c. Instead, the actual current rises along a smooth curve toward 
its ** final" value as shown in Fig. 2-4d, You are doubtless familiar with the 
form of this final curve. 



When we apply * 
fciep function w a. series 
Iff. circuit, the current 
toliowa the given genertl 
Wivtform of .rig. 2-4d, 
refld rdl&iH of the vilueii o t 
R 4nd t- Sut the sleep- 
nett* of the current wave¬ 
form depends utun Thd r*tlo 
trf ft lo L. 


A word is in order about the " final" value approached by the current. A 
pure inductance has no effect on a steady dc current. Therefore the " final" 
value of the current will be simply the value given by Ohm's law--that is, 
^ amperes. 


2-3 Time constant. If. in Fig. 2-3, we should replace the original values of 
new values, we would still find the current rising according 
to a curve having the same general fo^rm as that of Fig, 2-4d. But with 
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t j much steeper curves. And with small 

wjg <*• »*> 

It is handy to compare two m± cufaille 
by considering how long it * rate , Th m idea is illustrated by the 

if It contin u ed to ri.se at it. • . .t.u Tiild in books more mathematicai 

broken line in FliT^oT^ r nsout ^ ^ lue aftor a period 

than this one. that dug^^Uuctance L in henrys divided by 
Se'reLmn'rft In ohms. We call this time T the of the Rl 

circuit. Thus the time constant is 

t _L Eq- (2-3) 

1 ~R 

, 1 , rhat offer an interval T seconds (1 time constant) the 

It can be shown that after an »uerv f the change toward 

actual current * will have gone through 63.2 percent of the » 
its ".final" value, ■ 


mi^ht rTseSom Jr* toward a " final” value of 20 milhamperes. 


— Via, 2't If, rt-Hpontie to a volugf? 

^ rtU'p function, turre-m 

;n HU £lro»U vi>mlnue«i 

to m the KTlirilMR rule 

loping broken the 

turner muld. math us final 

value Wf aft« 

T that it* equal 10 rt?, 

Wd rtfer to T « tht T itnK 1 
Lonritarn of thu i/iivuLt, Dur¬ 
ing the intifrv*] T iht? ae tuiil 
current rians [oM.ipoft’i'ni 
_ of iHe "final" turi-L-nt Hi. 

TIME - 

But these same general ideas apply when 
For example, suppose we have a stea y curr abruptly increase 

in an Rl circuit. And ,. ^ reward a new value of 

the emf in the circuit bo t current will rise is indicated by 

3° milliampere. o£ [he current curve is the same as that of 

big. 

Similar considerations'apply to ‘ t 

sffs&ts.vir. Tx?hz‘ ** 2 - 7 * Note 

that thin curve Is an Inverted (orm ol the curve of Fig. 2-7*. 






2-5 The RC circuit. Consider the circuit of Fig. 2-8. Suppose we close the 
Twitch ^ at a given instant so that the voltage i? across the capacitor C 
rises toward a fixed battery voltage V. As soon as the capacitor is charged 
to even a small voltage, this capacitor voltage opposes the battery voltage. 
The effect is to reduce the amount of charging current that flows into the 



Hg r 2-7 When wt 1 Apvly ^ 

Ktcp lwL L iiun iu 4 >>rrl« 
HL cifL'uii, tht current 
follows s given type of 
curve ^-whether ihe original 
current Lb zero {curve a),or 
whether The original t urrem 
is, uay p ID mill ampere* 
{curve b) t or whether the 
current drops toward 
zero from some greater 
value, aay p 20 mi Mi ampere* 
(curve c) T 


capacitor. Thus the charging of the capacitor continues at a reduced rate. 
And throughout the charging operation, the rising capacitor voltage v offers 
a continuously increasing opposition to the battery voltage v t so that the 
charging current becomes less and less. As a result, the capacitor voltage 
rises more and more slowly. 



If we wish, we can approximate the graph of the actual capacitor voltage 
v by mentally breaking the charging period up into brief intervals, just as f 
we did in Fig. 2-4c_ when we studied the rise of current in an RL circuit, | 
But in the final analysis the capacitor voltage begins to oppose the battery | 
voltage just as soon as the capacitor receives even a very small charge, i 
And the smallest increase in charge causes a tiny increase in opposition 
to the charging current. Thus the capacitor voltage actually rises according 
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to the smooth curve of Fig, 2-9. Note that the form of the capacitor-voltage 
curve of Fig. 2-9 is similar to that of the inductor-current curve of Fig. 2-4d. 



Fiji. 2-9 After we close the awltch 
^ In Fig. 2-8 the capacitor 
voltage rise* according to 
the turn. 1 of Fiji. l-V, We 
can deduce thin actual curve 
fr^m a Merits of hypothetical 
btrajghr-Lrine capacitor-vol¬ 
tage changes--in ihe «ame 
way that we arrived at the 
inductor-current graph of 
Fig 2 - 4 d. 


If, in Fig. 2-8, we should replace the original values of C and R with new 
values, we would still get charging curves having the same general fo^m as 
that of Fig. 2-9. But with small R and C, we would see much steeper curves. 
And with flfrge R and C, the curves would have long, gentle slopes, (See Fig. 
2-10.) We define the time constant of the RC circuit of Fig, 2-8 as the 

When we apply a voltage 
tiiep function to a buries 
KC circuity the current 
follows a given general 
waveform regardless of the 
valuer of ft and C. But the 
steepness Xif the .current 
waveform depeniiti upon the 
product of K and C. 


interval T seconds required for the capacitor voltage to reach its " final" 
value V if it continued to rise at its starting rate. This idea is illustrated 
by the broken line of Fig, 2-11. It turns out that the time constant T is 
equal to the product of R inohms time%C in farads. Thus the time constant is 

T- RC Eq. (2-4) 

In pulse work, it would perhaps be more convenient to say that the time 
constant of an RC circuit, expressed in microseconds, is equal to the 
product of h in megohms tirfies C in micromicrofarads. 

It cart be shown that after an interval T seconds (1 time constant) the 
actual voltage v across the capacitor will have gone through 63,2 percent 
of the change toward its 11 final" value. 







We have been considering the way that the capacitor voltage rises from an 
initial value of zero to some other value. For example. Fig, 2-12a shows 
how the voltage across a capacitor in a certain RC circuit might rise from 
zero toward a " final 1 ' value of 100 volts. 



Fig, 2-1} if, in re&punuu to a uitiage 
step function, -,'jpdcttor 

volrige ir;ajstriti, a-. circuit 
contJnotsl tu nt un’starr¬ 
ing raw* [lie ^'d[U^jLmr vol¬ 
tage wouM rc^L-fi it* tuial 

value l J itter in interval 
T that is equal to w'. We 
refer to T ** the tiinv con- 
fltant of the circuit, During 
the interval T the JcfuiJ 
c-quctEor voJuge to 

63.1 pcrct-nt of the "final" 
capacitor voir age t\ 


But these same general ideas also apply when the initial capacitor voltage 
is not zero. For example, suppose the capacitor in a series RC circuit 
were initially charged to 20 volts. And suppose that at some instant we 
abruptly apply an external voltage of 120 volts to the terminals of the 
RC circuit, so that the capacitor voltage rises towards new value of 120 
volts. The manner in which the capacitor voltage will rise is indicated by 
Fig, 2-12b. Note that the form of the voltage wave is the same as that of 
Fig, 2-12Z 



* Similar considerations apply to a decreasing capacitor voltage. Suppose 
we have an RC circuit in which the capacitor voltage has a certain value. 
If we close the circuit upon itself so that the capacitor discharges through 
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the resistor the capacitor voltage will fall toward zero according to the 
curve of Fig. 2-12c. Note that this curve is an inverted form of the curve 

of Fig. 2-12ji. 


1-* Interstane-coupling Conator .be l.mlliar in..r s ,age.coupii»e 

circuit of Fig. 2-13,* Here in input signal is applied to the grid of Vj. 
TMs signal appears in an amplified form at the piate of Vj, and is coupled 
through** circuit consisting of C t and A, to the grid of a succeeding voltage- 
amplifier tube V„. Let us study the way in which this coupling circuit operates. 


SMSNAL 

INpUT 





Fit. 2-13 Lntsrtuge-csupllns sy™. The input sigwil voluge we apply 
jhe grid of V t appears, amplified and utIih reversed 
at the piaie of V ; , The coupling capacitor Cj couples ihia 
output signal (that appears ai the plate of Vj) to the grid of V f . 


Suppose first that no signal is being applied to the grid of V, (that is, 
the grid of V, is held at some fixed dc voltage). Then a given steady dc 
plate current will flow in V,, And as a result of this steady plate-current 
flow a given voltage drop will e\ist across the plate-load resistor 
Therefore the voltage at the plate of V t will have some given steady value. 

If we now change the voltage at the grid of Vj. the plate current will undergo 
a corresponding change. For instance, if we make the grid more negative, 
the plate current will correspondingly be reduced. Therefore the voltage 


•For simplicity we omit here hny provision for the required fixed bias 
voltage that keeps the average grid voltage negative with respect to the 
cathode voltage. 
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drop across H L will decrease, and the voltage at the plate of v 2 will cor¬ 
respondingly rise to a new value closer to the plate-supply voltage 

Note that if the input signal makes the grid of v } more negative, for example, 
then the output voltage at the plate of V; becomes more positive--and vice 
versa. That is, the polarity of the output signal is reversed with respect to 
that of the input signal. Furthermore, the output signal-voltage change at 
the plate is ordinarily greater than the original input signal-voltage change 
applied to the grid. 

The large value of R g in series with C 2 holds to a very small value the 
displacement current that tends to flow in Cj as a result of the plate-voltage 
change. Since only a small value of displacement current can flow in Cj, the 
voltage across Cj can change only slightly in any short period of time. Thus, 
for rapidly changing signal waveforms, the changing signal voltage at the 
right-hand terminal of CJ will be essentially the same as that appearing at 
the plate of V 2 , Therefore, for rapidly changing waveforms, the changing 
signal applied to the grid of will be basically an inverted and amplified 
form of the waveform applied to the grid of v } . 


signal 

input 





Fig. 2-H I Hunt rating ihe undesirable but unavoidable ahum i-apaciuinctfB 

Ihaf ejiljji in ifie circuit of Fig- 2-Yi. HercrCpIti the plane-io- 
ground capacitate of V; , is the input capacitance of . 

and t« the ft ray capS&tanct to ground of the wiring 

anti ^jmponsflie. 


1-7 Shunt capacitance. In the next sections, we shall consider some of the 
distortions chat might occur to a signal on its way from the grid of Vj to the 
grid of v$ , To do this, we note the various shunt capacitances that are 
unavoidably present between the signal path in Fig. 2-13 and the reference 
ground point* These capacitances are indicated in Fig, 2-14. C p is the plate- 
to-ground capacitance of Vj; C stmy is the stray capacitance to ground of 
the wiring and components' and C^ n is the input capacitance of Vg * 

In Fig, 2-15 we have redrawn the circuit of Fig. 2-14, in this new drawing 
we have lumped together the various shunt capacitances Cp f C§mp , and 
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referring to their total effective capacitance as Cg ■ This rearrangement 
will simplify our study of the performance of the circuit. 


*-ji Leading edge of an amplified square wave. In Fig. 2-15, suppose we 
■ ” - .d of Vj an input signal consisting of a negative-going square- 
wave vo* ( pulse (Fig. 2-%). Let us consider the operation of V, and 
the rest of the circuit in transmitting this pulse to the grid of Vg . 





Fig 2-15 Simplified illustration of tiie undesirable but unavoidable shunt 
capacitances shown in Fig 2-14, Here c f represents the sum 
of C tt C im „ and of Fig. 2-14. 

During the interval from point A to point f3 on the input-signal waveform, 
the signal source holds the grid of V 2 at some fixed potential, so that during 
this interval the plate current of Vj will have a gi^en fixed value s 2 (Fig. 2-l6b) K 
As a result during the interval from to the voltage (Fig. 2- 16c) at the 
plate of Vj * will have a valued that is less than the plate-supply voltage 
Ej. by the amount of the voltage drop ^ that exists across the plate-load 
resistor. The unavoidable shunt capacitance C# will therefore be charged 
to this voltage Ej. Note that the voltage across C 2 is actually the signal output 
voltage at the place of Vj * 

When the input signal makes the grid of v 2 more negative (at the instant 
identified by point B in the figure), this negative excursion of the signal 
voltage causes the plate current of V 2 to be reduced. For the present, 
suppose that at instant B this input signal makes the grid of Vj so negative 
that the plate current is completely cut off* In effect, then, at instant B 
the tube Vt is removed from the circuit. And we have a situation where 
C$ was originally charged to a voltage E 2 , but where C$ is now connected 
through a resistance ft to a source of a higher voltage E w That is, there 

exists an RC circuit (Sec. 2 - 5 ) whose time constant is and the voltage 

across the capacitance Cg will rise from E% toward E^ according; to a 
—like that of Fig. 2-16c. This voltage rise is the output signal from 
v it* from the negative-going leading edge of the input square 

wave. This ,: 3 is coupled through Cj to the grid of V** 


U 


2-12 









We see, therefore, chat no matter how rapidly we change the input signal 
voltage in a negative direction, the output signal voltage at the plate of Vj 
cannot rise more rapidly than is indicated by a capacitance-charging curve 
corresponding to a time constant of R L C 2 * However, in a later chapter we 
shall consider some changes that can be made in the circuit of Fig* 2-13 
to Increase the rate at which the output signal voltage can change, 

qM A ntg*(|v(-gt>lng hijuaj'v- 
* J|lgji 4 | VUllljLC wv 

apply u> ihe inpui iha 
amplifier of Fig. 2-15, U> 
dnalyai; (h* reapomu: uf (ha 
amplifier. 


f L ^ Graph showing how the plate 
\ / current in V t at Fig. 2-15 

varies in rcspouat to the 
input signal of Fig. 2-16*. 
in this cast;, the input n-lgn*i 
(Fig. 2-16a) rnake* (fie grid 
of Vj suf(n. ientiy negative 
at lm!UA[ 6 to cut oil the 
plate current in ^ . 


1 Output signal volume ai the 
/ plaieol Vj when wl- apply 
The input signal ol E : ig 2 16a 
to the grid uf V, r The 
una vol Liable shunt upaci- 
iknce C t in the Luuphng 
system (Fig. 2-151 prevents 
the output signal voltage at 
the pUie of V'j from ns mg 
abruptly. Instead t this ^ 
plat f signal voltage rises 
according to a capacitor- 
churging curve (see also 1 ig. 
2*0), The time constant of 
the circuit involving i L * and 
estab Itfches the sicfp- 
ness Of the v s plate output 
signal -voltage curve of Fig, 
2-l6c, 

Fig. 2-16 


Thus far in this section, we have assumed that the amplitude of the 
negative-going input square wave was large* In fact, we have assumed that 
the input signal was large enough to cutoff the plate current of Vj at instant _R. 
Now suppose that, instead of this original large-amplitude signal, we apply 
to the grid of Vj a smaller negative-going square-wave voltage (Fig. 2- 17a). 
Here at instant ji the plate current in V t isn’t cut off, but is merely reduced 
(Fig. 2-17b) from its original value fj to a new lower value This plate- 
current change reduces the voltage drop across R^. Thus the output voltage 
(Fig. 2-I7c) at the plate of V 1 tends to rise, not toward E^ t but toward some 
voltage Eg that is less positive thaf^. Here we have a situation where Cg 
was originally charged to a voltage E u but where it now tends to charge through 

ft to a new voltage Eg. The voltage across Cg—actually, the output voltage 

Q f Yj_will rise toward Eg according to a curve like that of Fig. 2-17c 4 

Thus the operation is essentially similar to the operation we observed for 
the original large input signal. 
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.q Risetime. We often need to compare the steepness of the leading edge of 
™ “avewiththatofasecond''square 11 wave. And we need to express 
this" comparison in terms of numbers. This need brings ue to the concept of 
risetime. The risetime of a waveform is taken as jrhe time required for the 
rising edge to rise from 10 percent of the peak value of the waveform to 90 
percent of the peak value (Fig. 1*1811 



AmUbet negative - going 
squ* re-wave signal voltage 
we ran apply to the Inpur 
of the amplifier of Fig. 2-15, 
to analyse (he response of 
the amplifier. The amplitude 
of this, input signal is smaller 
than that of the Input signal 
of Fig. 2-16a. 


j Graph showing bow the plate 
' r current in Vj in Fig. 2-15 
varies In response to the 
Input signal of Fig. 2-17s. 
In this case, the Input signal 
(Fig. 3-l?n) doesn't make 
the grid of V : sufficiently 
negative at any time to cut 
off the plat* current In Vj. 


C) Output signal voltage at the 
' plate of Vj when we apply 
the lnpur signal of Fig. 2^17* 
to the grid of Vj . An In 
Fig. 2- 16c, this output signal 
voltage at the plate of V) 
riaes ccording to a capacl- 
tor-charging curve. Here, 
too, the time constant of the 
circuit Involving C f and *4, 
establishes the steepness of 
the Vj plate output signal- 
voltage curve. 


A theoretically perfect square wave would rise instantly from its initial 
value to its final value--that is, its rise time would be zero* But it is 
impossible in practice to generate such a theoretically perfect square wave. 



(We see intuitively that the voltage between any pair of terminals can have 
only one value at any* one instant of time—but a waveform rising instantly 







from one value to another would present an 11 infinite" number of voltages 
between the terminals at the same instant* And this would be absurd*) 

The risetime of a device that transmits or displays waveforms is taken 
as the risetime of the output (or displayed) waveform that would result 
if we were to drive the device with a theoretically perfect square wave* 
Since we can’t generate perfect square waves and apply them to the input 
of the device| we actually use Input Hquare waves whose I'iscUmcn are 
much less than the risetlme of the device we are testing. 

It can be calculated chat when we feed a very fast-rising square wave 
into the amplifier of Fig, 2-15, the risetime of the output waveform is 

Tjj = 23 nanoseconds Eq, (2-5) 

where R ^ is measured in kilohms and C% is measured in picofa.rads, * 

fit is of interest to know th e effect upon the risetime of an output wave if 
a theoretically perfect square wave were transmitted through two or more 
devices in cascade* Suppose that device operating alone ( has a risettme 
; and suppose that device operating alone ( has a risetime If we 
were to apply a theoretically perfect square wave to the two devices in 
cascade, it can be shown that the risetime % of the output wave would be** 

VfW + VJ* Eq. (2-6) 

As an example, if we were to apply a theoretically perfect square wave 
to the Input of an amplifier whose risetime is 3 microseconds, and if the 
output of this amplifier were applied to a second amplifier whose risetime 
is 4 microseconds, then the risetime of the output waveform from the second 
amplifier would be 5 microseconds. 

As a further example, suppose we used a plug-in preamplifier whose 
risetime is 15 nanoseconds with an oscilloscope whose main-unit risetime 
is 22 nanoseconds. The effective risetime of the oscilloscope-preamplifier 
combination would then be 

£ 3 * f * 

3jj=fr5 + i£ ) - £&6 nanoseconds 

Now suppose we want to amplify or display some given waveform. And 
suppose we want the risetime of the output or displayed waveform to be 
the same as that of the input waveform, within some given tolerance. Figure 
2-19, calculated from Eq, (2-6), tells us how good our amplifier or oscillo- 


* 1 nanosecond (1 nsec) - 10® second ^1 millimicrosecond (1 m^sec) 

1 picofarad (1 pf) * lO 1 ^ farad « 1 micromicrofarad {I p;,if) 

** It should be noted in passing that the formula given here is actually 
an approximation. But the results are sufficiently accurate for most purposes, 
(See G, E, Valley and H, Wallman, ,r Vacuutp Tube Amplifiers/ 1 pages 77-79, 
McGraw-Hill Book Company, Inc,, New York, 1948*) 
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scope must be with respect to risetime to get (his result. For example. 
Fig. 2-19 shows us that if we want to observe the risetime of a waveform 
whose risetime is 0.04 microsecond, we need an oscilloscope whose risetime 
is not more than0.01 microsecond if we don't want the error in the observation 

to exceed 3 percent. 



































If we want to calculate the over-all risetime of three or more devices in 
cascade, we only have to combine the risetimes of all the devices in a root- 
sum-square method like that of Eq. (2-6)* 


2-IQ Risetime meas u rements. To measure the risetime of a device t you 
would theoretically feed into its input terminals a perfect square wave (one 
that " jumped" instantly from its most negative voltage to its most positive 
voltage). Then you would observe with your oscilloscope the time interval 
required for the output voltage of the device to rise from 10 percent of its 
maximum value to 90 percent of its maximum value* This time interval 
would be called the risetime of the device. 


But it is impossible to generate an input square wave that jumps instantly 
from its initial value to Its final value (that ls i we cannot generate an input 
square wave whose risetime is zero), Furthermore, the risetime of the 
vertical “deflection system of the oscilloscope itself is greater than zero, 
and this risetime of the oscilloscope must be taken into account. We will 
now describe a risetime “measurement technique that permits the use of 
square-wave generators having risetimes greater than zero and that takes 
into account the risecime of the oscilloscope* 



Fig. 2 -30 JkmsetLrai&a 4 wiv* 

rlnss above lu value, 

then falls back m the final 
value. We refer to thia 
cvcuraiw beyond the final 
value* m overshoot. Die 
percent of over&hcar La 
' 10C * 


For best results, use a generator and an oscilloscope whose individual 
ri Betimes are appreciably shorter than the risetime of the device under 
test. Use a square-wave generator whose output waveform is essentially 
free from overshoot (Fig. 2-20)** Furthermore, the accuracy of the method 
to be described will be affected if the aqua re-wave response of either the 
oscilloscope or the device under test has appreciable overshoot, say, more 
than 2 or possibly 3 percent* 


* Overshoot is treated more fully in later sections of this book. 
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The rise time measurement method is as follows; 

1 Observe the risetime of the square-wave output of the generator 
directly on the oscilloscope.* For this measurement, you should terminate 
the generator with a load resistance and shunt capacitance (including the 
shunt capacitance of the oscilloscope input) equal to the load resistance and 
shunt capacitance of the input circuit of the device you are going to test. 
We call this equivalent rieetime of the generator and oscilloscope together 

t RS‘ 

2, Drive the device under test with the output of the square-wave generator. 

Use the oscilloscope to observe the rlsetlme of the output waveform of the 
device under test. For this measurement, you should terminate the device 
under test with a load (Including the input resistance and capacitance of 
the oscilloscope) whose characteristics are similar to those of the load 
into which the device normally operates. We shall call this observed rlse- 
time T m . | 

3. Compute the actual risetime T R of the device under test from the 

Tr - <V - t RE* ^ Eq ' (2 ' 7) 

In the above measurements, use sweep rates such that the leading edge of 
the displayed waveform rises at an angle appropriate for accurate obser¬ 
vations--roughly 45 degrees. In many risetime measurements, you might 
use horizontal sweep rates of the order of 0.02 microsecond per centimeter. 

When you are using these faster sweeps, it becomes important to set the 

triggering level control on your oscilloscope as far left as possible consistent 
with stable triggering. In this way you display as much of the lower flat 
portion of the square wave as possible, so that the rising portion doesn't 
occur in the first one or two horizontal ^divisions of the display where a 
major part of any sweep nonlinearity ordinarily appears. 


You can reduce errors 'due to parallax by placing your eye so that the 
reflection of its iris, seen in the cathode-ray-tube face, is directly behind 
the point you are observing. 

In measuring risetimes, you might want to use a special graticule having 
the minor divisions scribed completely across the graticule (or at least 
extended in the areas where you Observe the 10-percent and 90-percent 


* It is not usually convenient to determine the actual operating risetimes 
of the square-wave generator and of the oscilloscope separately. The 
method given here takes into account the composite effects of these separate 
risetimes. Note that manufacturers' specifications of risetimes can be 
greater than the actual risetimes (conservative specifications), so that if 
you used these specifications you might get an optimistic final result in 
your measurement. 
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points). The larger number of lines might render the graticule somewhat 
unsuitable for general use, but it permits close observations for risetime 
measurements. 


2-11 Flat top of the amplified square wave, * Let us return to our con- 
side ration of the output square-wave signal voltage at the plate of Vj in 
Fig. 2-15* 

Thus far we have considered the rate at which the leading edge of the 
output square wave can rise in response to the failing edge of a negadve- 
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(CLJ A negative-aping square- 
' ' wave Elgnal voltage we can 

apply to the Input of the 
sniphfttr of Fig, 2-15, to 
analyze the response of the 
amplifier. 


[ 1 Urapli ahuwUijf ixv* the fiat* 

' * current In varies In 

r^punvc to the Input sign#) 
of Fig. 2-21#, 


C \ Output signal voltage at the 
- / plate of when we apply 
the input signal of Fig. 2-21 a 
to the grid of V t + The 
leading edge of thfs signal- 
voltage waveform at tUejiU/e 
of Vj rises Ln a curved 
manner as described in Figs, 
i^lfr tnd 2-17. 


Signal voltage waveform 
reaching the grid of ty In 
Fig. 2-15. Not only docs 
the leading edge ri** in a 
curved manner (Mg. 2-21c), 
hut the Hat top tif the wave¬ 
form might show a Certain 
amount of M «ag." This tag 
results when the coupling 
capacitor Cj discharge# 
through (if (Fig. 2-15). U 
the flat top of the square 
wave laets long enough s tht 
voJuge at the grid of Vj 
drops esaent^Uy to ill 
origin! ground potenDlsl 
(dotted curve In Fig. 2-21d). 


* For simplicity, we do not consider here the effects of bypass capacitors 
that might be used across cathode-bias resistors or in the screen-grid 
circuits of pentode amplifiers* 4 
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going input square wave. We have seen that from point A. to point _B on 
the input-signal waveform (Fig. 2-21a), the signal source holds the grid 
of f' a fixed voltage so that the plate current (Fig. 2-21b), huK £ fixed 
value. Therefore, from point_A to point _B, the output voltage (Fig. 2-21c) 
at the plate of \\ ’ has a fixed value Ej. When the input square wave falls to 
its most negative value (point _B), the plate current of V; falls to its lowest 
m And rhe output voltage at the plate of V t rises, according to an RC 
respu. toward its most positive value Eg (Sec. 2-8). This response 

curve involves .fy, and C%. 

Now let us consider the flat top of the output square-wave signal at the 
plate of Vj --that is, the portion of the output waveform from pointj3 to 
point C in Fig. 2-21c, In particular, let us consider what distortion might 
occur to this portion of the signal as it is coupled to the grid of Vg. 

We note that during the early period of the square wave, from point _A 
to paint B, the grid of Vg was at zero volts (ground potential), while the 
left-hand “terminal of Cj was charged essentially to the voltage Ej' And 
during the interval of the leading edge of the square wave, the voltage 
across C 2 «had to remain essentially at the value Ej since displacement 
current in C 2 is held to a small value by the large resistance of Ej. 

But during the flat-top interval of the square wave, the signal voltage 
of Vj no longer changes rapidly. In fact, we have a situation where C t was 
originally charged to a voltage Ej, but where C t is now connected through 
fy to a 'new voltage Eg. And a small displacement current in Cj flows 
through E s so that the potential at the right-hand terminal of Cj falls 
from the value Ej toward zero (ground). In fact, if the flat top of the square 
wave lasts long enough, the voltage at the grid of Vg drops essentially to 
its original ground potential (see the dotted curve in Fig, 2-21d). 



In practice, the effect of this change in the charge in Cj is to allow a 
"sag)’ in the’flat top of the square wave that reaches the grid of Vg. We 
might not be able to observe the sag if the repetition frequency of the 
square-wave signal is high/ Or the sag might not be noticeable even for 
low repetition frequencies if C } and Ej are very large. But if we use very 
large values of Cj , we might get to a point where the physical size of Cj 
adds an excessive value to the shunt capacitance Cg and thus affects the 
ime of the amplifier. Furthermore, there is a practical upper limit 
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to the value of R g , as shown in manufacturers 1 specifications for many 
tube types. For amplifiers that must faithfully reproduce signals that 
change very slowly, we usually resort to dc-coupled designs, as discussed 
in Chap. 5, 

2 -12 Falltime of the amplified square wave. The falltime of a pulse 
waveform is taken as the time required for the pulse waveform to fall 
from 90 percent of its maximum value to 10 percent of its maximum value 
(see Fig, 2-22). The falltime of a waveform is not necessarily equal to 
the risetime. 

We have seen that the risetime of the amplifier stage that comprises 
Vj of Fig. 2-15, and its associated components, is determined to a large 
extent by the time constant of the HC circuit composed of Cg and R^. This rise- 
time is determined by the rate at which electrons can be drained off the 
upper terminal of C 2 into the positive power supply by way of In Sec. 
2-9 we were given this formula for computing risetime: 

T r = 2.2R l C 2 Eq. (2-5) 

Actually,the relationship shown in Eq. (2-5) is an approximation. For 
the resistive pan of the RC circuit chat includes C 2 is not merely the 
plate-load resistance Instead, it can be shown by means of an 

equivalent circuit that the resistive part of this RC circuit is actually 
made up of R^ in parallel with the plate resistance r p - of tube . And as 
you may know, r p is not essentially constant. Instead, the value of r p at 
any instant depends upon the instantaneous value of V l grid-to-cathode 
voltage and the corresponding V l plate current. Therefore the risetime 
might actually depend considerably upon the value of r p and upon the 
manner in which varies with grid voltage and plate current. In 

summary, then, the actual risetime depends upon ( 5 ) the plate-load resis¬ 
tance R l \ (b) the total shunt capacitance 0 ,, (c) the value of the dynamic 
plate resistance r p of tube Vj t and (d) the manner in which r p changes 
when we change the V 2 grid-to-cathode voltage and the corresponding 
plate current. 

Clearly, the falltime of the output amplified square wave must also 
depend upon the four factors just named. Depending upon the relation¬ 
ships among these factors, it is entirely possible for the output falltime 
to be appreciably different from the output risetime. 

2-13 Harmonic composition of periodic pulses. Thus far we have considered 
pulses as simply the waveforms that represent voltages or currents that 
change as time goes on. In other words, we have considered pulse voltages 
and currents as functions of time. And this is perhaps the best way, in general, 
to get a 11 feel" for the operation of pulse circuits. 

But it is also useful, for some purposes, to understand the fact that 
pulses can also be considered to be made up of various sine waves, combined 
in such a way as to produce the pulse waveforms. That is, we may some¬ 
times want to think of pulse waveforms in terms of their frequency components. 
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It can be shownthatasequenceofperiodic pulses is equivalent to the sum of 



1, A fundamental wave--that is, a sine wave whose frequency is equal to 
the repetition frequency of the pulses. 


2. And a series of harmonics —sine waves whose frequencies are whole 
numbers multiplied by the fundamental frequency. We refer to a sine 
wave of twice the fundamental frequency as the second harmonic; a sine 
wave of three times the fundamental frequency is the third harmonic, etc. 
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A negative-going square- 
wave signal voltage we can 
apply to the input of the 
amplifier of Fig. 2-lS p to 
analyze the response of the 
amplifier. 


\ 

Graph showing how the plate 
current In v, of Fig. 2-15 
varies in response to the 
input signal of Fig. 2 -23a. 


Output signal voltage at the 

plate of Vj when we apply 

the input signal ofFig. 2 - 23 a 

to the grid of V t . The 

falling edge of this signal- 

voltage waveform at the plate 

of Vj falls seconding to a 

capacitor-discharge curve 

(aee also Fig. 2-31c). The 

time constant of the circuit 

involving C t and the plate- 

load resistance ^primarily 

influence the Steepness of the J 

falling £dge of the plaie J 

output signal-voltage curve 1 

(Fig. 2-23c) r The signal 

reaching the grid of Vj.might 1 

also exhibit nag (Fig. 2~£ld). 


Hie various sine waves just mentioned are called components of the pulse 
sequence. With appropriate equipment, we could either (a) breakdowns 
sequence of periodic puls'es Into its* fundamental and harmonic sine-wave 
components, or (b) combine an appropriate set of sine waves to produce a 
desired sequence of periodic pulses. We shall not concern ourselves here 
with actually performing either of these operations. But the fact that a 
sequence of periodic pulses is equivalent to an appropriate set of sine-wave 
components helps us to understand the problems of generating, amplifying, 
and displaying pulses. 

To reproduce a given pulse sequence faithfully by adding together the 
proper sine-wave components, each component sine wave must be correct 
in amplitude, frequency, and phase. 
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Because a sequence of periodic pulsus is equivalent to a combination of 
several sine-wave components t we refer to such a pulse sequence as a complex 
waveform. In the following section we shall see how a particular pulse 
waveform is made up of its sine-wave components. 
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Fig, 2-24 A tiequuFKL 1 of squjrf-witvtr pulaes, 

2-14 Information contained in a square wave. Figure 2-24 shows a sequence 
of periodic pulses having a rectangular or " square ,T waveform, Such a 
puiee sequence can be shown to be made up of a fundamental sine wave 
plus a series of ”odd TI harmonic sine waves. That is t the pulse sequence is 
composed of the fundamental sine wave and only those harmonic sine waves 
whose frequencies are equal to the fundamental frequency multiplied by odd 
whole numbers. The amplitudes of the harmonics vary in inverse proportion 
to the frequencies of the harmonics. That is, the third harmonic is 1/3 as 
strong as the fundamental; the fifth harmonic is 1/5 as strong as the fun¬ 
damental , etc. 

Fig. 2-25 Wp can trombinc a SL’riL’i uf 
sin*- *ave« it> farm (he 
yquaru wavtfi u i Fig. 2-24. 
Thcui: dint" 
fund^m-rital wave 
*avt who*»L L fretjuen.-v .:■* the 
ri'piTiiKrt fivqut'Ha'y the 
squirt*-wave puUasl H atkS a 
baric's uf har[hutmujj ine 
w4vct> whose fptt]ULTU'U's a re 
odd numbers Jnuittpltud by 
the fundamental frequency!. 
In F ig 2-2\ carve 4 i« Ihf 
t Utnia htjent & l Sine wav L', 
cur vi! H in thi' (fum ol the 
(^nilitjiivtlUl and |i|L Hunl 
harmiMLk', cur vi- C i?>Thf hujii 
of the |iuiJvJit3it.'ntaL plus the 
third and MUh harmonic*. 
Further hamnsnicti fsirvtntL 
ninth, ttc.i would provide 
an even tlosvr approach iu 
the actual square wave D, 

The way these sine-wave components can be combined to make up the 
original square-wave pulse sequence Is suggested in Fig. 2-25. Curve 
A shows the fundamental sine wave alone; curve _B shows the sum of the 
Tundamental and the third harmonic; curve C shows the sum of the funda- 
menial plus the third and fifth harmonics. ' 
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The first few harmonics combine with the fundamental to produce a 
waveform {curve C) that approaches an actual square wave (curve D). 
Additional harmonics of higher frequencies, would (a) cause, the lead mg 
edge of the wave to rise more rapidly, and <b> produce a sharper corner 
between the leading edge and the top of the wave, it would take an ' infinite' 
range of harmonic frequencies to produce a truly vert icalleading edge 
and an actual sharp corner; but we cannot produce " Infinitely" high frequencies 
in practice. However, we can generate pulses that are very close to actual 
square, waves, 

2-13 Square-wave observations. If we use an oscilloscope to inspect the 
waveforms of square-wave pulses ( we may observe one or more kinds of 
distortion in the displayed waveform. These defects can appear in the 
oscilloscope display not only because of distortion In the original square- 
wave pulses--but we might also observe a distorted display as a pomxble 
result of using an oscilloscope whose vertical-deflection systemj is im¬ 
properly adjusted or limited in frequency response. Let us consider some 
of the popibie distortions, 

I, We may observe that the leading edge of a displayed square wave does 
not rise in a truly vertical direction (Fig. 2-26), The slope of the leading 
edge will be more noticeable if we operate the oscilloscope with fast horizontal 
sweeps. The leading edge can never be actually vertical, as we have just 
learned But the departure from the vertical will be particularly noticeable 
If the square-wave pulse Is especially lacking in high-frequency harmonic 
components. 


Fig- 2-2ft If r*quarewave ai^fieaiiiUy 

lacks Mgher-Frequeocy har¬ 
monics the ltss<ii!r:.g and trail- 
Ing edgea, a* displayed on 
an auci Lldacope, dejx n more 
rcocicefe&i? from [he vertical i 
and the comers are rounded* 
SimUarly ^ the hlg^fre¬ 
quency response of the 
•.^clUoaoope I* limited. 


2. Suppose we observe more or less rounding of the " corner" between the 
leading edge and the flat top of the square wave (again see Fig. 2-26). This 
rounding (like the slope of the leading edge) tells us that something less 
than an " infinite" range of harmonic frequencies is present. Therefore 
some degree of rounding is theoretically unavoidable. The rounding will 
be particularly noticeable if the pulse is especially lacking in high-frequency 
components* 


Corner ts 



TIME.-*- 
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3. Sometimes when we look at a square-wave pulse on an oscilloscope 
we see that the trace rises above its final value, then falls to the final 
value (Fig. 2-27a), This excursion beyond the final value is called overshoot. 
Sometimes overshoot takes the form of a very brief Tl spike" {Fig. 2-27b). 
Overshoot indicates that, some high-frequency, harmonic components are 
present in excessive amounts. 




4 . If low-frequency components (fundamental and the first few harmonics) 
are not present in the proper amounts and in the correct phase relation- 




C CL 5 Sag and fell in tht Cat cop 

' f of a square wave indicates 
that the Jo**-frequency tom- 
ponenta have leading phu« 
angiee and are Anenuued. 




Upward buwing and rise In 
the flat tup indicate chat 
iDW'frttjuericy cuni(wi«tiu 
have lagging Jhglss 

and are sctcnuuUttJ. 


ships, the part of the square wave affected will be the flat top. These 
low-frequency defects show up as slope or general curvature of the top 
(Fig. 2-28), 9 
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Figure 2-29 summaries the fact that we can observe low-frequency 
information and high-frequency information in separate regions of a dis¬ 
played square-wave pulse, in equipment testing, we find it convenient to 
use square waves rather than other waveforms, because the nature of a 
defect, rather than simply its presence, is suggested by the kind of distortion 
that occurs to a square wave. By transmitting square waves through a 
device and observing the output waveform by means of an oscilloscope, 
we can tell whether the transmission of low or of high frequencies is affected. 
This observation is not so well separated with regard to frequency if we use 
waves other than square waves. 



2-16 Fr equency-response curves. Suppose we feed steady sine-wave signals 
of constant amplitude into a signal-transmitting device, such as an amplifier 
nH measure the amplitude of the output signal. If we vary the frequency of 
wave, and plot a graph of the amplitude of the output signal 
versus m „^quency, we might arrive at a result somewhat like Fig. 2-30, 
Such a graph is called the frequency-response curve of the device. The 
actual form of the frequency-response curve depends upon the design and 
adjustment of the device. 

t (RtF6.fiE.NCt V 



Fig. 2-30 To draw the frequency-response curve vt an amplifier or other 
dignaJ-transmitting device, we apply constant'amplitude sine 
waves to the input terminals. Wu vary the frequency of the 
inpu? signal and note the corresponding amplitudes of the output 
‘ signal. Then we plot the output'signs; amplitude as a function 

of input-signal frequency. 

The solid-line curve indicates the response of a dc-coupled amplifier 
{Sec. 5*10) or other dc-coupled device, and this response actually goes 
down to zero cycles (dc). The broken-line curve is an example of the 
low-frequency response of an ac-coupled amplifier (one that includes 
a coupling capacitor such as Cj as Fig, 2-13). 
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In the example of Fig, 2-30, the output voltage drops to 70 percent of 
the midfrequency output voltage E when we raise the input frequency to 
10 megacycles or when we lower the input frequency to about 0.3 cycle. 
We call these frequencies the upper and lower 3-db-down frequencies- 
respectively. The difference between these frequencies is the bandwidth 
of the device. When th e lower 3-db-down frequency Is very low as in Fig, 2-30, 
the bandwidth is essentially the same as the upper 3-db-down frequency.' 

For best (shortest) risetime without overshoot , the high-frequency end 
of the curve should be shaped about like that of Fig, 2-30 (gaussian curve). 
At twice the upper 3-db-down frequency (here, at 20 megacycles) the 
output voltage is about 0.25 times the midfrequency output E-- that is, 12 
db down, 

3-17 Relation between risetime and bandwidth. In Sec, 2-U we noted that 
the steepness of the leading edge of a square wave (its risetime, in effect) 
contains an indication of the presence in proper amplitude arid phase of 
high-frequency components. If we extend this idea a little we see that the 
risetime of an amplifier or other signal ^transmitting device conveys an idea 
of the relative ability of the device to transmit high frequencies. A short 
risetime indicates a relatively greater high-frequency response, and vice 
versa. For equipment having not more than 2 or 3 percent of overshoot 
(Fig. 2-20), the relation between the upper 3-db^down frequency_B in mega¬ 
cycles and the risetime in microseconds is approximately 

BTr-K Eq. (2-8) 

Here K is a "constant" that usually lies between 0.33 and 0.5. A typical 
value is K H3.35. 


We can write Eq. (2-8) in two other forms: 


t R 




As an example, if the 3-db-down frequency of an amplifier is 10 megacycles, 
we should expect the risetime of the amplifier to be about Tg * 4 - 0,35/10 
“‘0.035 microseconds (=35 millimicroseconds). 


2-18 Oscilloscope bandwidth requirements. From the foregoing, we note 
that a device (amplifier, oscilloscope, etc.) that has a short risetime must 
also be expected to respond to a correspondingly wide range of frequencies. 
By an extension of this idea, a device must have a large bandwidth if we 
can expect it to respond faithfully to any pulse waveform (square-wave, 
spike, sawtooth, etc.) that includes rapid changes. 

It Is easy to overlook this bandwidth (risetime) requirement in applying 
the oscilloscope to our work. Important features of a displayed waveform 
might remain entirely concealed if the oscilloscope vertical-deflection- 
system bandwidth is too narrow (that is. if *the vertical-deflection-system 
risetime is too long) . As an example, Fig. 2-31 shows displays produced 
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by the same waveform on three different oscilloscopes having vertical 
band widths of 10 megacycles, 100 megacycles, and 1,000 megacycles, 
respectively. This example shows that a wideband oscilloscope can reveal 
details that we might never suspect if we used an oscilloscope of limited 
vertical bandwidth (relatively long risetime). Let us consider a couple 
of practical examples. 



Fig. 2-31 a. Photograph of the dis¬ 
play produced by a given 
waveform, where the 
oscilloscope vertical ■ 
deflection - system band* 
width is 1C megacycles. 

b. Photograph showing the 
display produced hy the 
waveform of Fig. 2-31 a on 
a second oscilloscope hav¬ 
ing a vertical bandwidth 
of 100 megacycles. Note 
the additional waveform 
variations that we can see 
as d result of the increased 
vertical bandwidth [(Shorter 
rlsetime}. 

C. Photograph showing the 
display produced by the 
waveform of Fig. 2- 5la 
on a third oscilloscope hav¬ 
ing a vertical band width ol 
1,000 megacycle*. Tbia 
mill wader vertical band¬ 
width [shorter rise-time} 
allows us to see even finer 
details In the waveform 
structure. With an oscillo¬ 
scope of limited vertical 
bandwidth T we would have 
no way of knowing whether 
these fine variations 
existed In the actual wave* 
form. 
















































1. In many oscilloscopes , the triggering pulses (spikes) are of brief 
duration. If we use a second "test 11 oscilloscope of wide bandwidth, we 
can readily observe these triggering pulses under favorable conditions. 
But if our test oscilloscope were limited in bandwidth, we probably would 
not see the triggering pulses--and therefore we might convince ourselves 
that some related fault existed in the oscilloscope under test,* 

2, In one application, a designer found that semiconductor devices were 
being destroyed in a power-supply regulating circuit, When he In tinned 
the waveforms in his circuit by means of un oscilloscope of limited bandwidth, 
he found nothing to indicate thatthesemieonductordeviees were being abused. 
He subsequently investigated the waveforms with a broadband oscilloscope, 
and found that brief transients of great amplitude and high energy content 
were responsible for the destruction. This information enabled him to alter 
the design of his equipment so that the semiconductor devices were not 
abused. 

Many other examples could becited. The basic point is that, in investigating 
rapidly changing phenomena, we must use an oscilloscope having a sufficiently 
short risetime (wide bandwidth), 

2-19 Time-constant curves. Using Fig. 2-32 we can quickly estimate 
the solutions of many problems involving RL and JfC circuits. The follow¬ 
ing examples illustrate how you can use Fig. 2-32, 

1 , We suddenly apply 50 volts dc to a certain 2-henry inductor that has 
a resistance of 20 ohms. Find (a) the time constant T of the corresponding 
RL circuit, (b) the 11 final 11 value of the inductor current, and (c) 

the inductor current $ after 0,12 second. 

Solution: (a) The time constant is 

O ’ 1 at -‘ cond 

(b) The 11 final" current is 

[filial - Vft - Jg * 2.5 amperes 

(c) To find the current after 0.12 second we first note from part (a) 
of the solution that the time constant T of the circuit is 0.1 second. That 
is, we want to find the current after = 1.2 time constants. There¬ 
fore, on the horizontal scale of Fig. 2-32, we"locate the point corresponding 
to the value 1.2, We move upward from this point until we encounter Curve 
X. The corresponding value on the vertical scale of Fig, 2-32 is 0,7 times 
the rr final" (maximum) current. In part (b) of the solution we found that 


* This is not to imply that a very wideband oscilloscope is necessarily 
required for testing other oscilloscopes, Other tests are available by 
which we can infer the presence or absence of the triggering pulses. But 
we must not conclude that the triggering pulses are absent simply because 
we might not see them on a test oscilloscope of limited bandwidth. 
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the 91 final" current is 2.5 amperes. Therefore the current after 0,12 
second is 


{=Q.7a 2.5^1 75 amperes 

2 , we charge a 1-microfarad capacitor to 200 volts. Then we discharge 
the capacitor through a 50,000-ohm resistor. Find (a) the time constant 
T of the resistor-capacitor circuit, and (b) the interval i needed for the 
capacitor voltage to fall to 40 % r olts. 

Solution; (a) The time constant is 

T = RC = (5 * 10* ohms) * (10 6 farad) 

= 5 if 10 ^second = 0.05 second 

(b) We want to find the interval needed for the capacitor voltage to fall 
to 40 volts from a maximum of 200 volts. That is, we want to find ,the 
interval needed for the capacitor voltage to fall to ^ = 0,2 times the 
maximum capacitor voltage. Therefore, on the vertical scale of Fig. 2-31, 
we locate tTe point corresponding to 0.2 times the maximum voltage. 
We move horizontally from this point until we encounter Curve 2. The 

^ 3 ponding value on the horizontal scale of Fig. 2-32 is 1,6. Thus 
ti A ^ f '^age drops to 40 volts after 1.6 time-constant units. From 

part (a) oi l io solution, the time constant is 0,05 second. Therefore the 
interval needed for the capacitor voltage to drop to 40 volts is 

t = 1.6 * 0.05 = 0.08 second 





DIFFERENTIATING AND INTEGRATING CIRCUITS 


In this chapter we shall consider differentiating circuits--that circuits 
whose output voltage at each instant is proportional to the derivative , or 
rate uf change, of the input pulse waveform. We shall also consider integrating 
circuits--that is , circuits whose output voltage at each instant is proportional 
to the integral of the input pulse waveform. 


3-1 Some typical needs for differentiating and integrating circuits, A typical 
laboratory oscilloscope includes a multivibrator . One of the functions of 
this multivibrator is to start the action of the time-base generator (sweep 
generator) so that the cathode-ray-tube beam sweeps in a forward direct ion, 
from left to right, across the screen. Such a multi vibrator is indicated in 
block form in Fig, 3-1. 


TO WajttTQNTAL- 
“ DEFLECTION 
CIRCUITS 


MULTI¬ 

VIBRATOR 


P.irtlril Ml*, i Jt.ij'rJm at 4n flu* ti iQNtUpi^ Htowlnjg _.n jpphL alLun 
uf j dlTtart.'ttf toting *ln.ult. Hu.- 1 rigger rlrcult trui drtv^l 
ibt? imUta/ihrufur gtmTJtcH d. nquarv Wave [waveform uT Huf 
the muhi vibrator operate* beat t rom n negati ve-going *p|lte 
input ♦jv'i-furm f waveform b). To ipimf [he *cju*re- wave 
itaulfi viPfriiLir tuifpm into riiHiuTi, we luicri 4 iJul l rcnlitfur 

,<> r>|i>wii. ( iliL' itgiiiK rfpikifH |h rfLirnt tut kJNtlultuiiiMfHi,! 

hh tri MV1H OMtlJu^upe* »t- HMift h trt uii [he punitive g^ing 
Uy nsi'LtJih. uf 4 dhule. 


To start the forward trace, the multivibrator requires an input trigger 
signal voltage that has a negative-going spike waveform. But the trigger 
circuit that drives the multivibrator actually develops a signal voltage 
that is essentially a square wave, as shown in Fig. 3-1, We convert the 
square-wave output of the trigger circuit into spikes, by means of the 
differentiating circuit indicated in Fig. 3-1. Figure 3-1 also shows the 
corresponding output waveform from the differentiating circuit. 


(The multivibrator actually responds to the negative-going spikes, The 
positive-going spikes perform no useful function, and in some oscilloscopes 
we short-circuit the positive-going spikes ,by connecting a diode, shown 
in dotted circuitry, across the output circuit of the differentiator.) 
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Thus we see that a differentiating circuit is a necessary part of a typical 
1 aboratory os c 1 llo 0 cope, 


Now let us mention a typical case in which we might use an Integrating 
circuit. Suppose we want to use an oscilloscope to study the variation of 
magnetic flux in a transformer core, in response to a varying current in 
the primary winding. We can use the circuit of Fig, 3-2, 



Fig, 3-2 A method ot displaying on 
t in oseilloecope the variation 

of magnetic flux In a trans¬ 
former core in response to 
d varying primary current. 
This method shows an appli¬ 
cation. of an integrating: cir¬ 
cuit. Instead of the linear 
horizontal-sweep wireform 
generated by the oscillo¬ 
scope time-base generator, 
we apply to the horlzontal- 
defleciion system a voltage 
proportional to the primary 
current. The secondary vol¬ 
tage In proportional to dw 
derivative (rate of cIm ogtf) 
of Uie Hu*, lb# iniegratur 
convert* ibis secundary 
waveform to a waveform 
whose voltage i* projwr- 
tloruil to the Hu* itseli. W# 
apply the integrator output 
to the oscUtaacope vertical 
input. 


We apply to the oscilloscope horizontal-deflection system an input signal 
voltage that is proportional to the primary current. This horizontal-deflection 
signal voltage consists simply of the voltage drop across a series resistance 
fl that we connect in the primary circuit. 

Now we need a vertical -deflection signal voltage that is proportional to 
the magnetic flux in the transformer core. It can be shown that the open- 
circuit emf induced in the secondary winding of a transformer is proportional 
to the derivative (rate of change) of the flux. If we connect an integrating 
circuit to the output of the secondary winding, we can perform an operation 
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that is the reverse of the differentiation process* That is, the output voltage 
from the integrating circuit will be proportional to the magnetic flux itself ~ 
rather than to the derivative of the flux* 

Thus the operation of the arrangement of Fig* 3-2 is such that at every 
instant the horizontal deflection of the cathode-ray-tube beam is proportional 
to the primary current--while the vertical deflection is proportional to 
the flux in the core. The oscilloscope displays the familiar so-called 
"hysteresis loop" of Fig* 3-3. 

In addition to the uses just mentioned, many other applications of ditfer- 
entiating and integrating circuits appear in the design and use of oscilloscopes. 






Fig. 3-3 Typical dispUy when we use the method ol Fig- 1-2. 


We should note that, in general, a practical differentiating or integrating 
circuit doesn f t provide an output waveform that is a perfect or ideal derivative 
or integral of the input waveform. Instead, the output waveform will deviate 
at least a little from the ideal. 

We shall somewhat simplify the treatment that follows by omitting some 
of the lesser details of circuit operation* 


3-2 The inductive differentiator . In Chap. 1, we learned that the voltage 
induced in an inductor is always proportional to the rate of change ( or 
derivative, of the current flowing In the inductor. We make use of this 
basic property of an Inductor in the differentiating circuit of Fig. 3-4. 


Typically, we would drive the circuit of Fig* 3-4 by means of an amplifier 
tube having a large value of internal plate resistance, such as a pentode* 
Such a tube functions as a 11 constant-current generator," so that the plate 
output signal current is controlled almost entirely by the grid input signal 
voltage and doesn't depend much upon the load connected in the plate circuit. 



Fig. 3-4 Indur 11 vc different! at tag cir¬ 

cuit. When wc d(ipiy j pulse- 
current in pat t thvouEpta vol- 
tage it proportional to the 
derivative {rate of change) 
of the input nurreni. 


When the amplifier supplies a current pulse to the inductor of Fig. 3-4, 
the response of the inductor is an output voltage pulse whose amplitude at 
any instanlT is proportional to the derivative of the input current. Two 
examples of this result are shown in Figs* 3-5 and 3-6* 



Example of the operation 
of the Inductive differen¬ 
tiator, U we apply Ejiv cur¬ 
rent waveform a to <ta 
inductive differentiator, 
get the output voltage wave* 
form b. The output voltage 
Lri pro pa rtional 10 ihe deriva¬ 
tive (rate of change} ol the 
Input current. 


Let us consider the operation of the circuit of Fig, 3-4 when we apply a 
square-wave input current pulse. Suppose that at a given instant (identified 
by point A in Fig. 3-7a) the input current tends to rise, in an extremely 
short interval, from an initial constant value Ij to a new constant value 1$, 
W'hile the current is rising very rapidly, its derivative is large and positive. 
The output induced voltage in the inductor l should then ideally have a 
large value (see Fig, 3 -7b) * Immediately after point A,, the input 
current assumes its new constant value so that its derivative becomes 
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equal to zero. Ideally, then, the output induced voltage in L should drop 
suddenly to zero, along a line extremely close* to that representing the 
output voltage rise. 



Fill. 3-7 Graph & shows, thfi output-voltage waveform ideally delivered 
by the Inductive differentiator when we apply the input -current 
waveform a. 
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In practice however, the current In an inductor cannot change from one 
value to another in zero time--since that would mean that the rate of change 
of current (and therefore the induced voltage) must be " infinite." And an 
infinite voltage cannot exist in a practical circuit. Let us see, then, how the 
actual response of the Inductive differentiator to a square-wave input differs 
from the ideal operation Just discussed. 

In considering the operation of a practical circuit, we must remember 
that the source of input signal cannot actually function as a true "constant- 
current generator." We learned In Sec, 1-2 that a signal source can be 
thought of as a zero-Impedance generator that develops an emf v 2 , con¬ 
nected in series with an internal impedance Z 0 . To keep our present dis¬ 
cussion simple, let us here assume that the generator internal impedance 
is a pure resistance, and let us call Its value Rg. (If R a is large, the output 
current is controlled principally by the generated emf, and the effect of 
the external load upon the output current is relatively small. And we say 
that such a high-impedance source is approximately a constant-current 
generator. "In the present case, the load consists of the differentiating 
inductor L. And from this viewpont, we got an approximate understanding 
of the operation of the differentiating circuit of Fig. 3-4 as outlined in the 
preceding paragraphs.) 



F1H. 3-B We cm conaider 4 current- 

putae source as a zero- 
impedance generator GEN 
in series with a large inter- 
V ml resistance - Here 

we a ho* thU equi val ent 
current - waveform source 
driving an inductive differ ■ 
eutiator. 


To understand more completely the operation of the differentiating circuit 
of Fig. 3-4 ( in response to a square-wave input signal, let us consider the 
circuit of Fig. 3-S p where the signal source (generator) is included. At 
point A in Fig. 3-9a, the emf of the generator increases abruptly from an 
original constant value E j to a new constant value E 2 * But the inductance 
in the circuit doesn’t allow the current to rise abruptly with the emf. At 
point A, then, the current in R 0 and L is negligible, so that the voltage 
drop across fij is very small. Thus essentially the entire generator voltage 
E$ is left as a voltage drop across L . This voltage drop across L is the 
output voltage of the differentiator circuit at the instant identified by point 
_A in Fig. 3-9c. 
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In the interval chat comes after point A, we have a situation where the 
current in an RL circuit tends to increase from an initial value Jj to a 
new value l £t In this circuit, the resistance includes the internal resistance 
Rq of the driving source plus any resistance in the inductor. In accordance 
with Sec. 2-2, the current rises according to curve_B of Fig. 3-9b, At 
each instant in the interval represented by curve J3, the induced voltage 
in L (and therefore the signal output voltage) is proportional to the slope 
of the curve B. A graph of the resulting output voltage ts shown in curve 
jr in Fig. 3-9c.* 

After the current effectively reaches its new value I# in the interval 
that comes after curve B t the current no longer changes until point C* 
Therefore, in the interval between curve _B and point C, the induced voltage 
in L (and therefore the signal output voltage) remains at zero, Ar the 
instant identified by point C ( a similar sequence of events begins--except 
that the polarities of the changes in voltages and currents are reversed. 
Thus the output signal voltage from the inductive differentiator, in response 
to a square-wave input signal waveform, is a sequence of alternate positive 
and negative spikes , as shown in Fig. 3-9c_, 



Fig. 3-? When we apply i tiquarc- 
wive signal to an inductive 
differentiator we get the 
actual output-voltage wave* 
form c rattier than the MeaJ 
waveform of Fig. 3-7. The 
curvature in regions B' and 
□ ' corresponds to the time 
constant 1 /%^ In Fig. 3-H. 


* It can be shown that, for the particular kind of curve B that represents 
the current rise in an RL circuit, the Slope or derivative curve has a 
shape that duplicates the current curve itself. 


We might not be satisfied with the rate at which the output voltage returns 
to its constant normal value, along curves B’ and_D ( . In other words, we 
might want to improve the quality of the differentiating action--so that the 
output response to a square-wave input signal would more nearly resemble 
- --W! response of Fig. 3-7 b. Clearly, the amount of curvature at B 
arK j determined by the time constant of the RL circuit (Sec. 2-3). 

And this time constant is equal to Vr . Thus we can sharpen the spikes 
(improve the differentiation} by decreasing L or by increasing the source 
resistance K„. But another effect of either of these changes is to reduce 
the amplitude of the output signal. Thus we are usually forced into some 
compromise between the quality of the differentiating action and the amount 
of output signal we get. 
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Fig. 3*10 (a) A pentode amplifier 

approximates a pulse Cur¬ 
rent source to drive tan 
inductive differentiator. 

{b] The differentiating 
inductance L forms a 
resonant circuit In conjunc¬ 
tion with the unavoidable 

plate-to-ground capacitance 
C. One way to avoid spurious 
damped osci Hat ions in the 
output waveform is kj shunt 
L with a resistor Jl. 


l ■, shows how we might arrange an inductive differentiator circuit, 

including , .v cube. 
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in practice , we might encounter a problem arising from the unavoidable 
capacitance C (Fig. 3-10b) that exists between the plate of the tube and 
ground. This capacitance t in conjunction with the differentiating inductance 
L , forms a resonant circuit. When we apply a rapidly changing grid input 
signal voltage, this resonant circuit tends to " ring" (produce damped 
oscillations). One solution to this problem is to use only a small value 
of L* When L is small, ringing might be impossible. Or the ringing might 
occur at frequencies so high that other parts of the system that includes 
the differentiator can*c respond to the damped oscillations- Hut when we 
use a small value of L we get only a small output signal* 


Another solution to the ,f ringing" problem is to shunt the inductor L 
with a resistor R (Fig, 3-10b) that absorbs oscillatory energy when any 
damped oscillations tend to occur. When we use the shunt resistor R t 
we can use a reasonably large value of L and thus we can usually get an 
output voltage of satisfactory amplitude. But we lower the quality of the 
differentiating action. In fact, the output signal becomes a compromise 
between (1) the derivative of the input signal waveform, and (2) the input 
signal waveform itself. But for some applications, such a compromise 
waveform is adequate* 

3-3 The RC differentiator . In Chap, 1 ( we learned that the current that flows 
in a capacitor is always proportional to the rate of change (derivative) 
of the applied voltage across the capacitor* We make use of this basic 
property of a capacitor in the differentiating circuit of Fig. 3-11. 


3-11 RC differentiating circuit. 
If we neglect if tilt; current 
in C tfi proportional to the 
derivative {rats uf change) 
df the input voltage. The 
reaulilng voliag* drop 
across R provides an out¬ 
put voltage iltar is |?mpor- 
tJonui to cue derivative of 
the input voltage 


Typically we would drive the circuit of Fig. 3-11 by means of an amplifier 
tube having only a small value of internal plate resistance, such as certain 
triodea* Such a tube functions as a " constant-voltage generator," so that 
the plate output signal voltage is controlled almost entirely by the grid 
input voltage and doesn't depend much upon the load connected in the plate 
circuit* 

Note that the resistance R in the differentiator circuit is small. As a 
result, chat portion of the circuit made up of R and C in Fig. 3-11 behaves, 
to a first approximation, very much as if R were absent. Thus the current 
flowing in R and C is, at any instant, essentially proportional to the rate 
of change of the applied signal voltage. The output voltage of the differentiating 
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network is the voltage drop developed across R as a result of the current 
flowing in C and #* Therefore this output voltage is essentially proportional 
to the rate of change (derivative) of the input signal voltage* 

Thus we see that the output waveform we should expect from the RC 
differentiator, for a given input waveform, resembles the output we should 
expect from the inductive differentiator already discussed* In particular, 
let us consider the operation of the circuit of Fig, 3-11 when we apply a 
square-wave Input signal voltage* Suppose that at a given instant (identified 
by point A. in Fig* 3-12a) the Input signal voltage becomes abruptly more 
positive* That is, the rate of change of the input signal voltage is large 
and positive* The displacement current in C (Fig. 3-12b) correspondingly 
becomes large and positive* The resulting voltage drop across R will be 
positive (pointyin Fig. 3-12£). 




Fig. 3-12 When we Apply 4 aquar*- 
wave input voltage to a a RC 
differentiator we get the out¬ 
put -voltage waveform c. The 
curvature in regions R H and 
0’ cones ponds to the time 
constant inclutiirtg C and R 
{Fig. 3-11) and the internal 
resistance of tin; signal 
source. 


i 


4 


Note that this positive output voltage (interval _A, Fig, 3-12c) is a voltage 
drop across R resulting from a displacement current In C* Thus C is 
now charged to some positive voltage. This capacitor voltage ia nearly 
equal to the maximum positive Input voltage Ej in Fig* 3- 12a* in the instant 
that follows instant then, the capacitor C charges more slowly toward 
£j . Thus the charging current in C decreases as the capacitor voltage 
approaches This falling current is shown in curve_B of Fig. 3-12b, 

The resulting output-voltage curve (the voltage drop across R) is shown 
in curve J3’ of Fig* 3-12c* 
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After the differentiating capacitor £7 has effectively charged (that is ( 
after curve B), the current that flows in C--and therefore the output voltage 
drop across if--remains at zero until the input signal voltage again changes 
(point C), At point C t a similar sequence of events begins--except that the 
polarities of the changes in voltages and currents are reversed.* 

We see f then i that the output signal voltage from the RC differentiator, 
in response to a square-wave input signal ( Is a sequence of alternate positive 
and negative spikes, much tike those produced by the inductive differentiator. 

We might want to increase the rate at which the output voltage returns to 
its constant normal value, along curves j^andD! In other words, we might 
want to improve the quality of the differentiating action--so that the output 
response to a square-wave input signal would more nearly resemble the 
ideal very sharp spikes. Clearly, the amount of curvature at B 1 and D* is 
determined by the time constant of the RC circuit (Sec, 2-5), And this 
time constant is equal to RC. Thus we can sharpen the spikes (improve 
the differentiation) by decreasing either R or C, But another effect of either 
of these changes is to reduce the amplitude of the output signal. Thus we 
are usually forced into some compromise between the quality of the differ¬ 
entiating action and the amount of output signal we get. 



3-4 The capacitive integrator. In Chap, 1, we learned that the voltage 
appearing across a capacitor is always proportional to the integral of 
the current that flows in the capacitor. We use this information in the 
capacitive integrating circuit of Fig, 3-13.** 


Capacitive Integrator. When 
we apply a puis ^current 
Input, tht? output voltage la 
proportional to the integral 
of the input current. Thar 
is, the derivative .rate at 
ehaisge) of the output voltage 
im always ptopo/tjunal to 
the mutaiiianeoo^ amplitude 
of the fnpur waveform. 


ELECTRON 
PULSE.-CURRENT 
INPUT 


PULSE- 

VOLTACE 

OUTPUT 


* The internal resistance of the signal source is not necessarily the same 
for a positive-going signal as for a negative-going signal. An example is 
the case where the source is a plate-loaded amplifier. When we charge 
the differentiating capacitor C in one direction, the displacement current 
flows in the plate-load resistor. But when we charge C in the other 
direction, the displacement current flows through the tube. Consequently, 
curve B/in Fig, 3-12c is not necessarily symmetrical with curve D 1 

** Instead of the capacitive integrator circuit, we might use an RL circuit 
as an integrator. But an RL circuit is, in general, inferior to the capacitive 
integrator from the standpoints of cost, size, weight, and performance. 
Therefore RL integrators are rarely used, and will not be treated here. 


TvDicallv we would drive the circuit of Fig. 3-13 by means of an amplifier 

JJCS'T u, value 

SUCh ‘ 'iZlZ’TJ H Enrolled “rn»e. entirely by the grid Input s. B n»l 
ou put Signal current* the load connected in the plate circuit. 

(WtltMglla? Source doesn't have a large Internal impedance we might add 
a large value of resistance to the Integrating circuit, as shown In Mg. 3- ). 



ti iiir internal mhMwmik'w 
of the muiLdl tan 1 1 

Urge we a Bencn 

rcsititur to the inn-grator 
at Fig. $ & t}tal lhe 
circuit operates nuiclt ao If 
we used an actual pulse- 
currtnt source. 


f 

When the amplifier supplies a current pulse to the capacitor of Fig. 3-13 
the Sponse^ fhe capacitor is an output voltage pulse whose amplitude at 
l h n7"S is Jroponional to the integral of 

zzsm ssr-«, ias - - 

result are shown in Figs, 3-15 and 3-16, 



L« us consider .he opemioo o. d-cjj-ja 
sfiiiare-wave input signal current. Ideally, the circuit v 

Suppose th.C a given ins,.n, 

the input electron current increases from an original integrator is 

to a new constant value 4 . The output signal lhe 

proportional to the integral of the input signal electron current. St 





constant value U , the output voltage Increases 


input electron current has a __ 

at a constant rate (region J3 in Fig, 3-17_b) 


When we apply 4 square- 
wave input current wave¬ 
form u lo the tapicttfir* 
intug t ator the output - v u«uge 
waveform Ideally follow* 
rump M. 


that is an appreciable fraction of the time constant Jf 0 C, we should expect 
to observe the typical curvature that exists in the response of an RC circuit 
to a step function. And this curvature is illustrated in the actual response 
curve B of Fig. 3-19b, 



To reduce this curvature—in other words, to improve the quality of the 
integrating action-we can use a larger value of Integrating capacitance C. 
Or we can further increase the internal generator resistance Ji 0 . However, 
either of these changes results in a reduction in the output signal-voltage 
amplitude. 



Fig. 3*19 When we apply a aqtiare- 
w*ve signal io a. capacitive 
Ittu-grator we get the actual 
output'Voltage waveform b 
rather Ehmti the Ideal wave¬ 
form of Fig. 3-17, The cur¬ 
vature in region* a and 0 
corresponds to the Ume con¬ 
stant R f C in Fig. 3-IS. 


The output response of the integrator follows curve _B until the input 
signal changes at point C. At point C, a similar sequence of events begins- 
except that the polarities of the changes in voltages and currents are 
reversed,* 


* The internal resistance of the signal source is not necessarily the same 
for a positive-going signal as it is for a negative-going signal. Consequently 
curve B in Fig. 3-19b is not necessarily symmetrical with curve D. 
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3-5 Another look at integration . Consider the electron-current pulse of 
Fig. 3-20a. Let us break the time interval occupied by the pulse into several 
smaller Intervals* And let us consider what would be the effect of the 
varying electron current, during each smaller interval, in the charging of 
a capacitor. 

We can separate the total pulse duration into smaller intervals by drawing 
equally spaced vertical lines on the graph of the pulse, such as the lines 
shown at A, B, C, etc,, in Fig, 3-20a. Here the total pulse duration is 1 
second; and by means of the vertical lines we have broken this pulse duration 
into smaller intervals, each having a duration of 0,2 second. 


To determine the capacitor-charging effect of the varying electron current 
in any one small interval—say, interval AB—we estimate the average value 
of the varying electron current during that small interval. Here we estimate 
that the average value of the electron current during the interval AB is 
0,5 miliiampere (=0,0005 ampere). We connect vertical line^A with vertical 
line B by means of a straight horizontal line, at a height that indicates an 
electron current of 0,5 miliiampere. 

We remember that a charge of 1 coulomb is transferred when a current 
of I ampere flows for 1 second. In fact, the charge q in coulombs that is 
transferred is always equal to the current i in amperes multiplied by the 
time i in seconds during which the current flows. That is, 

q—it Bq. (3-1) 

Let us apply this formula to the interval AB of Fig, 3-20a, Here, an average 
current of 0,0005 ampere flows during an interval of 0.2 second. Thus the 
charge transferred during the interval AB Is 0,0005 * 0.2 = 0,0001 coulomb. 

Observe chat this charge is actually equal to the area of the little rect¬ 
angle whose base is the time interval AB and whose height is the average 
current t. 

Now, we recall that the charge a, in coulombs, stored in a capacitor is 
given by the formula q = Cv, where C is the capacitance in farads and * 
is the voltage across the capacitor. The formula a — C® can also be written 

Bq. (3-2) 

Suppose we apply the current pulse of Fig. 3-20^ to a capacitor of 10 
microfarads ( = 0,00001 farad). We found above that the capacitor receives 
an electron charge of 0,0001 coulomb during the interval AB. Thus, by 
Eq, (3-2), the capacitor voltage rises by the amount 0,0001/0.00001 = 10 
volts, during the interval AB, . 

Suppose that during the 0,2-second interval BG the average electron 
current in the pulse of Fig, 3-20a is 1 miliiampere (= 0,001 ampere). 
The capacitor receives a charge during interval BC . according to Eq, 
(3-1), equal to 0.001 - 0,2 * 0,0002 coulomb. Note that the amount of this 
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charge is proportional to the area of the rectangle formed by the vertical 
lines at _B and and having a height indicating an electron current of 1 
miliiampere. 

By Eq. (3-2), the charge of 0.0002 coulomb received by the capacitor during 
the interval _BC increases the capacitor voltage by an amount 0.0002/0.00001 
= 20 volts. Thus at the end of the interval_BC the total capacitor voltage 

will be 30 volts. 

If we perform the foregoing operations with the remaining portions of 
the input electron-current pulse waveform of Fig. 3-2Qa, and plot the 
resulting capacitor-voltage waveform, we get a capacitor-voltage curve 
like that of Fig. 3-20b. The excursion of this capacitor- voltage waveform 
at any instant is proportional to the sum of the areas of the little rectangles-- 
representing charge in coulombs--up to that instant. 


<r Fig. 3-2U 

2 (a) 

* 

t a ** a c t F 



Vert k ill line* A, H jC, ou ., 
divide Ihe horlzonlfll time 
axis Into equftL interval*! 
ffoere. the intervals are 0.2 
actond each). In the iniefln- 
trar-input-current graph a, 
horizontal Lines crctnru&ct 
Ehese vertical lines We 
drew each horizontal line 
at a verrical position that 
indicate* the eaumated 
average current during tin 
D. 2-second Interval. Thus 
during each ai-Mevemd 
Interval the integrator 
capacitor receive* a ctwrge 
In cimloml.jsi equal to 0,2 
multiplied by thin average 
current in amperes during 
the interval. And the 
capacitor output voltage at 
the end of each 0.2-second 
Interval equals l/C mul¬ 
tiplied by ihie charge in 
coulombs. Graph b shows 
tiie resulting capacitor out ■ 
put voltage across a 10- 
mic rota rad capacitor. 


But we note that the waveform of Fig, 3-20b appears to have a derivative 
(slope) that is always proportional to the height of the input current pulse 
of Fig. 3-2Qa, in other words, the voltage waveform of Fig. 3-2Qb appears 
to be an integral curve of the electron-current waveform of Fig. 3-20a. 
In fact, if we plot an integral curve of the current waveform of Fig. 3-20a 
by the method of Sec, 1-14, we get the curve of Fig, 3-21b. And this curve 
is the same as Fig, 3-20b. It can be proved that we can consider the electrical 
operation called integration to be either 

1, The finding of a waveform whose (negative or positive) derivative is 
always proportional to the height of a given waveform. 
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2* Or the finding of a waveform whose (positive or negative) excursion 
from some given height at any instant is proportional to the sum of all the 
little areas beneath a given curve up to that instant. 


Graph j *ht>wn i chittte- 
g rd iu r -1 n put -c u r re hi wiv* - 
farm of Mg. 3-20a, redrawn 
Graph b shaws tnc re-ouJUhg 
capacitor volEugt: acFOdM * 
10 - mjc rof a rad L-apae iior, 
plotted according to the 
method of Sec, t-U. The 
voltage graph nt [■ ig 3-2U> 
la The biune ** th4l of Mg. 
3-JfOfc. Thu* wt i.an dtNoffb* 
«h Integrator m. Hthflf (L) 
a device Mi je pt i tur m# the 
rtverse of differentiation 
fFlg. 3-21 K or i2) a device 
that develops arc output vol¬ 
tage that represents the sum 
of All the Little " samples" 
of current that have been 
flowing--each "sample* 1 of 
current being muJfipUed by 
the interval during which H 
flowed r Mg I-IKV 






Clmpfei4 

INPUT CIRCUITS 

In this chapter we begin the study of amplifiers that are especially suited 
to pulse work. We shall emphasize amplifiers that are encountered in 
oscilloscopes. But many of the principles we shall study apply to pulse 
amplifiers In general. 


4*1 Loading of source by oscilloscope vertical-input circuit. When we 
observe a waveform on an oscilloscope screen, this question might occur 
to us: Does the waveform we see represent accurately the waveform that 
existed before we connected the oscilloscope input to the waveform source? 


The input terminals of the oscilloscope vertical-deflection system usually 
represent (1) a rather large value of shunt resistance (typically ( 1 megohm), 
in parallel with a small shunt capacitance (typically t 20 or 47 picofarads*). 
When we use an oscilloscope to look at the output wave from some source, 
it is wise to consider whether the resistive-capacitive loading caused by 
the vertical-input circuit might not alter the waveform that existed before 
we connected the oscilloscope to the source. 



We recall that a waveform source can be thought of as a zero-impedance 
generator, in series with an internal impedance , as shown in Fig. 4-1. 


SOURCE. OSCl UCOSCORE 
VERTICAL- INPUT 

Fig. -1*1 We can consider b pulse source a zero- general tor 

GEN In series wiih an internal iwpalace Here we sjiow rfca 
equivalent waveform source driving the vertical-input circuit 
of an Oflolllobcope. We can represent the vertical-Input cl re ait 
by a shunt resistance K and a ahunt capacitance C. 

When we connect the oscilloscope vertical-deflection-system input circuit 
to the source output terminals, at least a small signal current flows into 
the resistive-capacitive load represented by the oscilloscope vertical-input 
circuit. This signal current, flowing In the oscilloscope vertical-input 
circuit, might cause a significant signal voltage drop across the source 
internal impedance * This voltage drop might change the amplitude or 
shape of the voltage waveform at the oscilloscope vertical-input terminals. 


p -jl 

1 picofarad (i pf) ~1 micromicrofarad (1 ^pf) —10 farad. 


In such a case, the oscilloscope can't faithfully display the waveform that 
existed before we connected me oscilloscope to the source. 

Some factors that influence the amount of amplitude loss or distortion arc: 

1 If the internal impedance ^ of the source is quite smalt, the signal 
current flowing in the oscilloscope vertical-input circuit will cause only a 
small voltage drop across ^ . Then the loading effect of the vertical-input 
circuit has only a relatively minor influence on the shape or amplitude 
of the displayed waveform. In fact, we might often not even be able to observe 
these effects. 

2. if there are rapid changes (steep portions) in the voltage waveform 
developed by the source, then relatively large signal currents flow in the 
vertical-input-circuit capacitance. As we have learned, the waveform 
of the current flowing in a capacitance, generally speaking, is not the 
same as the waveform of the applied voltage. The new capacitive-current 
waveform causes a corresponding voltage drop across the source impedance 
" *_so that the actual voltage waveform that appears across the vertical- 

is not the same as the voltage waveform developed by 
the soun. ^ii the oscilloscope is disconnected. In such cases, we would 
expect the shape, as well as the amplitude, of the displayed waveform 
to be affected. This effect is greater when the source impedance ^ is large. 

3. If there are no rapid changes (no steep portions) in the voltage waveform 
developed by the source, the loading effect of the vertical-input*circuit 
capacitance will be relatively small. Therefore the displayed waveform 
will be relatively undistorted. Even so, if the source impedance ^ is lar & e * 
the amplitude of the displayed waveform might be reduced through the 
resistive loading effect of the oscilloscope vertical-input circuit. 

4*2 Volrage-divider probes . We might use a simple voltage-divider probe 
to reduce the resistive-capacitive loading caused by the oscilloscope vertical- 
input circuit. t 

To study the voltage-divider probe, let's first consider the probe in a 
primitive form that might not be satisfactory in actual use. Such a primitive 
probe, shown in Fig, 4-2, might consist simply of a coaxial cable with a 
large " value of resistance R p in series at its Input end. If we use such a 
probe between the waveform source and the vertical-input terminals of 
the oscilloscope, we increase the amount of resistance that loads the source. 
We thereby reduce the signal current flowing in the vertical-input circuit. 
Consequently there is less amplitude loss and waveform distortion at 
the source output terminals. On the other hand, a voltage divider now 
exists between the waveform source and the vertical-input circuit. This 
voltage divider is made up of (i) the probe resistor R Vt and (2) the input 
resistance R of the vertical-input circuit. Thus the amplitude of the voltage 
waveform that appears at the vertical-in put terminals is reduced. ^ If 
we are looking at waveforms of small amplitude, this reduction in amplitude 
might constitute a problem. A solution might be to use a cathode-follower 
probe--discussed in Chap. 6.) 



In practice, the input capacitance C reduces the impedance of the vertical- 
input circuit to high-frequency components of the input signal. Therefoie 
the voltage-division ratio for high-frequency signal components is not the 
same as it is for low-frequency components. Thus, unless we compensate 
In some way for this loss of high-frequency information at the vertical- 
input circuit the display won't faithfully reproduce the original signal 
waveform If for example, the original pulse is square wave, then in 
accordance with Sec. 2-IS the steepness of the leading edge of the displayed 
waveform is reduced and the corner is rounded (Fig. 4-3u). 



PROBE- ! OSCILLOSCOPE. 

' VERTICAL INPUT 


Fist 4-2 A primitive prtfce (thM mighE pot be crisis ctory in actual use). 

When we insert the probe resistor Rp in serlm with the otallo- 
b opc venial-input circuit as shown, we decrease the loading 
t.fcc i on the aip^l source. Thus we reduce *ny efieci of the 
vertical-input circuit on the whape or amplitude at die original 
waveform* But ai the same lime we reduce the amplitude of 
the waveform applied to the vertical-input terminals because of 
the voltage-divider action ot R r and #f. 


Therefore in actual probes, we provide an adjustable capacitor C v across 
the probe resistor H v (Fig. 4-4), so that we can make the voltage- division 
ratio the same for high-frequency components as it is for low-frequency 
components. In the case of a square-wave pulse, the leading edge will then 
he restored to its original steepness and the corner will be restored to 
its original sharpness (Fig. 4-3b). However, tf we make C p too largc^we 
aoply excess high-frequency components to the vertical-input circuit. This 
overcompensation, in accordance with Sec. 2-15, results in an overshoot 
in the displayed waveform that was not present in the original waveform. 
Such an overshoot is shown in Fig* 4-3c* 



Adjust the probe capacitor as follows: Touch the probe tip to the output 
connector of the amplitude square-wave, calibrator that is a pan of your 
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oscilloscL _ Adjust the oscilloscope controls to display several cycles of 
the calibrator square-wave output signal. Adjust the probe capacitor for 
the flattest tops on the displayed square waves. 

As we have already learned t the probe reduces the resistive-capacitive 
loading across the signal source* The probe is marked with the new reduced 
shunt resistance and capacitance that we place across the signal source 
when we use the probe. Another effect of the probe is to reduce the amount 
of signal voltage that Is applied directly to the oscilloscope vertical-input 
connector for a given amount of original signal voltage. This reduction 
in signal voltage results from the voltage-divider action that occurs when 
we use the probe* 



ALWAYS ADJUST ppO&t 
FOR FLATTEST TOR ON 
DISPLAYED 11 CALIBRATOR" 
SQUARE WAVE 



Fig. 4-3 


( v The shunt capacitance C tn 
Fig. 4-2 make* the volfaii«- 
dlvleion ratio of the circuit 
that include*! K p and R 
greater at high frequencies 
than the voltage-division 
ratio at medium and low 
frequencies. Thun A dis¬ 
played square wave LN 
distuned- -showing a sloping 
leading edge anti a rounded 
comer. 


£0 


CO 


U we shunt the prabe resistor 
Rp with just the right amount 
of capacitance Cp (Fig. 4-4) 
we can make the voltage- 
division ratio of the dire nit 
comprising Hp and K the 
same at high frequencies 
on the ratio at middle and 
low frequencies. Thun we 
can restore the lading edge 
of the displayed square wave 
to its original steepness and 
restore the corner to ita 
original sharpness. 

[f we make the probe capac¬ 
itance Cp too large we make 
the voltage-division ratio of 
the circuit comprising R r 
and R smaller at high fre¬ 
quencies than at middle and 
low frequencies. Thus we 
distort a displayed square 
wave by introducing over- 
shoot. 


We take this voltage-divider action 'into account by noting the attenuation 
ratio marked on the probe* For example, if you are using a probe marked 
*■ 10X n you have to multiply your resulting oscilloscope voltage indications 


4-3 Some important thoughts on the use of probes * As we have already 
noted, you should habitually adjust your probe to operate properly into 
the input capacitance of your particular oscilloscope or plug-in preamplifier 
(Sec 4-2), Other important considerations regarding probes include: 







OSCILLOSCOPE 
VERTICAL INPUT 


If *t ahum the prude resistor ft p wicih Juut [he right Amount 
of capacitance c f we can make [lie voltage-divEtilon ratio of 
the circuit comprising ftp and R (he same at high frequencies 
as the ratio et middle and low frequencies. Always adjust the' 
probe capacitor for the 11attest top on the displayed CALI¬ 
BRATOR square wave. 


1. To avoid distortion, use a probe of a type specified for your oscilloscope. 
Suppose f for example f that you want to display square waves by means of 
an oscilloscope whose vertical-deflection-system risetime is appreciably 
shorter than about 35 nanoseconds.* If you use a probe intended for oscillo¬ 
scopes having a longer vertical-deflection-system r is crime, you might 
observe a spurious ir ringing 11 or damped oscillation along the top of the 
displayed square wave (Fig. 4-5). The frequency of the damped oscillation 


RINGING 


Ringing '.spurious damped 
on dilation) ihai yuv can 
introduce into [he display 
if you use * probe thu it 
unsuitM tuvour oiid lio*eope 
laee Sec. 4-3). 


is typically between 50 and 100 megacycles. Nevertheless you might see 
the damped oscillation on any oscilloscope whose rated vertical-deflection- 


* 1 nanosecond=1 millimicrosecond 



system bandwidth is much greater than about 10 megacycles. (Somewhat 
similar spurious oscillations can result from causes unrelated to probes-- 
for example, the vertical amplifier or the delay line might not be adjusted 
properly. See Sec. 5-5 and Chap, 8.) Table 4-1 describes probes formerly 
and currently supplied for use with Tektronix oscilloscopes. 


TABLE 4-1 


Suitable if oscilloscope 
vertical risetime is 
much shorter than 35 
nanoseconds__ 


Nose 

color cod ini 


Probe Type No. Appearance 


Other than 
black 


Black 


P51GA 


P6GGG* 




r 


4, Don't apply excessive input voltages to the probe. Probes shipped 
with oscilloscopes typically are rated to handle input signals of 600 volts 
maximum excursion relative to the oscilloscope chassis. That is,the 
probes are rated for input signals of 600 volts do or 600 volts peak-ac~ 
plus-do. For input signals that exceed these values, consider the high- 
voltage probes described in Sec, 4-8, 



Fig. 4-7 FfxAXi prob* supplied With CvL’iiloBcopcs. 

4-4 Need for adjusting the vertical-input capacitance . The vertical- 
input capacitance of your oscilloscope is small (as we have learned ( typical 
specified values are 20 or 47 picofarads). Here are some reasons for 
keeping the input capacitance at its specified value, 

1. Although even the small specified vertical-input capacitance might 
sometimes cause some distortion in the observed waveform, we at least 
want the display of a given waveform always to look the same when we use 
a given type of oscilloscope or plug-in preamplifier. 

2. Sometimes we need to look at a given waveform at various points in 
a circuit--where the amplitude of the waveform is not the same at these 
various points. Consequently we need to control the vertical-dellection 
factor (or vertical sensitivity) of the oscilloscope so chat we will always 
see a display of convenient vertical size. We control the vertical-deflection 
factor by means of the oscilloscope volts-per-division switch (Secs, 4-6 
and 4-7), To make a given wave shape always appear the same on the 
oscilloscope screen, we must provide that a change in the volts-per-division - 
switch doesn't change the vertical-input capacitance, 

3. When we use a probe, we don't want major readjustments in the probe 
capacitor to be required when we change the setting of the volts-per-division 
switch or when we use the probe with different oscilloscopes (or plug-in 
preamplifiers) of the same type. (We must remember, however, that the 
input-capacitance adjustment--described in succeeding paragraphs--is a 
maintenance adjustment. Therefore, in the field, the input capacitance 
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might not necessarily be adjusted to its ultimate accuracy in every case. 
We can't overemphasize the importance of checking that the probe is properly 
adjusted for the individual instrument, or even the particular setting of 
the volts-per-division switch.) 


4-5 How to adiust the vertical-input capacitance . Figure 4-8 shows a 
simplified input circuit for an oscilloscope vertical-deflection system, 
ft -he input tube of the vertical amplifier. 

When we connect a signal source to the input connector, we apply the 
signal voltage directly to the grid of Vj . Here the resistance load presented 
to the signal source is 1 megohm--the value of Ri . And the capacitive 
load presented to the signal source is C x in parallel with C g . The dotted-in 
capacitance C } is the sum of the total input capacitance of the tube plus 
the stray capacitance of the input circuit. And is a small adjustable 
capacitor used in maintenance to adjust the total capacitance to ground, 
at the input connector, to its specified value. 


20 OR 47 RF 
TOTAL 



Fl£_ Typical vertical-input circuit. The 1-mcgutifn realtor ffj cauaea 

a resistive loading effect an the source that generates the 
displayed waveform, in addition, ihe unavoidable lube-and- 
circuit capacitances (represented by Cj) cause a capacitive 
loading effetr on the source of the displayed waveform. We 
include the adjustable capacitor (% to set ihe total Input a hunt 
capacitance to its specified value - - usually 20 or 47 picofarads. 
We use a "capacitance siandardizer" (Sec. 4-5) In adjusting C t . 


To adjust C, t1 suppose for the moment that we have another oscilloscope-- 
one whose input capacitance is known to be accurately adjusted to, say, 
20 picofarads. If we use a probe to connect a square-wave source to the 
vertical-input system of this second oscilloscope, we can adjust the internal 
capacitor C v of the probe for best square-wave response (Sec, 4-2). In 
this way we can adjust the probe for best square-wave response when we 
use the probe with any other oscilloscope whose input capacitance is accurately 
20 picofarads. 

Suppose we now use the correctly adjusted probe to connect a square-wave 
source to the oscilloscope vertical-input circuit shown in Fig. 4-8. Without 
disturbing the probe adjustment, we can adjust Cg for the best square-wave 
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response ( much as if we were adjusting the probe capacitor itself. As a 
result of this adjustment, the input capacitance of the circuit of Fig. 4-8 
will be 20 picofarads, quite accurately. 

In practice, we don’t ordinarily use an actual probe for the above adjustment. 
Instead, we use an 11 input - capacitance standardizer." This device consists 
of a precision resistor in parallel with a factory-adjusted capacitor, mounted 
in a container with convenient coaxial connectors. We use the standard- 
izer to connect a square-wave source to the oscilloscope input terminals, 
then we set C 2 for the best square-wave response. 

Input-capacitance standardizes are available for adjusting input-circuit 
capacitances to either 20 or 47 picofarads. 


4-6 Control of the vertical-deflection factor . In using an oscilloscope, we 
generally want to adjust the height of the display to a convenient value 
for input waveforms having either large or small peak-to-peak ampli¬ 
tudes. That is, we need some way of controlling the vertical-deflection 
factor of the oscilloscope--some way of selecting the number of volts of 
input signal that will cause one major division of vertical deflection of the 
cathode-ray-tube spot. The switch that gives us this control is the volts - 
per-division (or volts-per-centimeter) switch. Before we study the circuitry 
related to this switch, let us consider some of the requirements that the 
switching circuitry has to meet. 

in the simplified vertical-input circuit of Fig. 4-8, we applied the input 
signal directly to the grid of the vertical-amplifier input tube Vj. As we 
shall see, the input connector is actually connected directly to the grid 
only when the volts-per-division switch is set to one particular position, 
called the 11 straight-through" position. Often, but not always, the straight- 
through position is the .05-volt-per-division position. 

Suppose we want to use the oscilloscope to look at a waveform whose 
peak-to-peak amplitude is in the range from, say, 0.1 to 0.2 volt, lo adjust 
the peak-to-peak vertical amplitude of the display to a convenient value 
(say 2 to 4 major divisions), we would probably set the volts-per-division 
switch to the .05 volt-per-division position. Assume that, in the oscilloscope 
we are using, the .05-volt-per-division position of this switch is the straight- 
through position, where the input signal is applied directly to the grid of 
the vertical-amplifier input tube. 

Next, suppose we want to look at a new signal--one whose peak-to-peak 
amplitude is in the range from, say 0.2 to 0.4 volt. This peak-to-peak 
amplitude is about twice that of the original waveform. To adjust the 
vertical amplitude of the display to a convenient value (again, 2 to 4 major 
divisions), we would likely turn the volts-per-division switch from the .05- 
volt-per-division position to the .1-volt-per-division position. This operation 
introduces, between the input connector and the grid of the vertical-amplifier 
input tube, a compensated voltage divider (compensated attenuator) whose 
voltage-division ratio is 2 to 1. The action of the compensated voltage divider 
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is described in the next section. The compensated voltage divider is mounted 
on the volts-per-division switch inside the oscilloscope. It reduces the 
signal voltage applied to the grid of the vert leal-amplifier input tube to 
one-half the voltage applied to the input connector. Thus we maintain the 
vertical amplitude of the display at a convenient value, despite the increased 
input-signal voltage. 


In an actual volts-per-division switch, we might find compensated voltage 
dividers whose ratios are, for example, 2 to 1, 4 to 1, 10 to 1, 100 to 1, 
and 1,000 to 1. In some settings of the volts-per-division switch, we might 
11 stack" two voltage dividers (connect them in cascade) so that the over¬ 
all voltage-division ratio Is the product of the voltage-division ratios 
of two different compensated voltage dividers, 

mcic. .any volts-per-division switches also have positions that 

insert adainonal stages of amplification. We can use these additional 
stages to observe signals of small amplitude. 

Ideally, tffie following things happen when we turn the volts-per-division 
switch from the .05-volt-per-division position to the , 1 -volt-per-division 
position: 

1. The signal voltage that reaches the grid of the vertical-amplifier input 
tube Vj falls to one-ha if the voltage applied to the input connector. 

2. The voltage waveform that reaches the grid of V 1 has the same shap e 
as that applied to the input connector. 

3. And the loading connected to the signal source, resulting from the 
oscilloscope connection, is still 1 megohm of resistance in parallel with 
the specified input capacitance (usually either 2Q or 47 picofarads). 

In the next section, we shall see how we can adjust the compensated 
voltage dividers to meet these ^hree requirements. 


4-7 Compensated voltage dividers . We can describe the operation of 
a compensated voltage divider with reference to Fig. 4-9. This figure 
shows the vertical-input circuit of Fi£. 4-8 along with a simplified volts- 
per-division switch that has only three positions. 

When we turn the volts-per-dfvision switch to the straight-through position 
(in this case, the *05-volt-per-division position), we apply the Input signal 
voltage directly to the grid of the vertical-amplifier input tube V 2 . Thus 
we load the signal source with the resistance Rj and the parallel capacitances 
c i and . Assume that we have correctly adjusted as described in Sec, 
4-5. Thus, when we set the volts-per-division switch to the straight- 
through position, we load the signal source with 1 megohm of resistance 
in parallel with the specified Input capacitance of the oscilloscope vertical- 
deflection system. 
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When we turn the volts-per-division switch to the . 1-volt-per-division 
position, we thereby insert the " X2" voltage divider between the input 
connector and the grid of the vertical-amp If ier input tube V 2 . The upper 
resistor in this divider is the 500,000-ohm resistor % , We also bring the 
1-megohm resistor Ii 3 into the circuit. But R s is now connected in parallel 
with t also 1 megohm--so that the parallel combination of tf| and R s has 
an effective resistance of 500,000 ohms. Thus the effective resistance of 
each section of the voltage divider is 500,000 ohms, so that a 2-to-l voltage 
division occurs. Therefore this arrangement meets requirement lof Sec, 4 - 6 . 


X2 

VOLTAGE 

DIVIDER 


VERTICAL '..^ < 

INPUT VOLTS/DIV SWITCH R,< 
I MEG^ 


Fjfpk’iii vertical'Inptu circuit, Including a simpUfusf VQL-TV 
OJV nwkicii (or VOLTS A-M .'.witvh). in thin pjrEkuiitr cirtuii, 
when Ht-[ Ehd? d witch tu lb*-* .05--division position 
we .ippJy i he Input waveform directly 10 the grid o* ihc venicij- 
iimplitiur Input cube \] . When wc turf the VOLTb/DIV s*»th 
to the . I -vtilr-per-division ponition wc intreduce the "X2 rl 
voitagr divider. The voltage divider conaissts of the upper 
resistor ft* and i lower reMfiiar made up o! R s and ftj in 
parallel. We adjust C a for I he fluti erst top on a displayed square 
wave--much in the way we adjust a probe (Fig. 4-3). Using 
a cajMcliaSde standardize* (See, 4-5} we aet the vertical-input 
capacitance hy of c* to rhe speirifstd value. When we 

♦irl the VfJLT!l/DlV awlich to the S-yoli per OivlMlwi pa* Irion 
we fJiNiwlu.T Mu’ " MM" voltage divider, widt h function* otrurd 
Jng to rlir priftciplm mwitkrtiH) for Miv M xr' divider, Hut Mu? 
H XKr divider provides a ten-td-onc vrdiugc division ratio, 
rather than [he two-to-one ratio provided by the H X2 n voltage 
divider. 


But unless we provide some way for compensating the high-frequency 
response of the voltage-divider circuit, the Tl X2 n voltage divider will be 
deficient in high-frequency response. This problem is similar to the one 
we encountered in connection with voltage-divider probes (see paragraph 
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3 of Sec, 4-2). And we meet the problem in a similar way. We adjust the 
variable capacitor C$ so that displayed square waves have the flattest 
tops. This adjustment enables us to meet requirement 2 of Sec, 4-6, 

We note that the resistance across the input connector still totals 1 
megohm--consisting of two 500,000-ohm sections in series. And we can 
adjust capacitor C; (using an input-capacitance standardise as described 
in Sec, 4-5) so that the input-circuit shunt capacitance still has its specified 
value. This adjustment enables us to meet requirement 3 of Sec, 4-6. 

As another example of a compensated voltage divider, we observe the 
11 XiO" divider that we substitute for the 11 X2 11 divider when we turn the 
volts-per-division switch to the .5-volt-per-division position. The function¬ 
ing of this X10 divider is essentially the same as chat of the X2 divider. 
You can check that (a) the voltage-division ratio is 10-to-l (including 
the effect of ) # and that (b) the resistance appearing across the ipput 
connector still totals 1 megohm. We adjust C s and C e by the same methods 
used for C* and q* , respectively, A minor circuit variation in the X10 
voltage divider Is the inclusion of C 7 , We add this capacitor so chat, with 
a practical value of C 5 , we can keep the voltage-division ratio the same 
for high frequencies as it is for low frequencies. 



* * 

Fig. 4-10 A high-voltage probe that can handle input MLgnats Lip to 25 
Idlovoks peal:-to-peak. 


4-8 High-voltage probes . Figure 4-10 shows one type of high-voltage 
probe for displaying high-amplitude waveforms on your oscilloscope. This 
probe operates in much the same way as the low-voltage voltage-divider 
probes of Sec, 4-2 that are shipped with the oscilloscope. Figure 4-11 
shows the internal connections of the high-voltage probe, cable, and com¬ 
pensating box. To adjust the variable components in the compensating 
box, follow the instructions in the Instruction Manual for the probe. 
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The high ^voltage probe of Fig. 4-10 perform* according to then e data; 


Attenuation 

Loading effect from probe tip 
to ground ( with probe connected 
to oscilloscope 

Risetime (in conjunction with 
540-Series oscilloscope and 
Type K plug-in preamplifier) 

Max. dc voltage rating 

Max. ac voltage rating (at 10% 
max. duty factor, 0.1 -second 
max. pulse duration, and 120 F 
max. temperature--see Fig. 4-12) 


1 ,Dt>Q to I 

shunr resistance, 100 megohms 
shunt capacitance, 3 picofarads 

12 nanoseconds 

12 kilovolts 

25 kilovolts peak-to-peak 



Fig. 4-11 Schematic q* the high-vukage proto of Fig, 4-10. 


If the input-signal voltage amplitude exceeds the rating of the kind of 
probe just discussed, you can consider capacitive voltage-divider probes 
(Fig. 4-13). These capacitive voltage-divider probes can handle signals 
whose amplitudes are of the order of 50 kilovolts. 

4-9 How to display current waveforms . Sometimes we want to use an 
oscilloscope to display a varying current, rather than a varying voltage. 
But the oscilloscope vertical-deflection system is basically a voltage- 
sensitive system. One means of displaying a varying current is to insert 
a small value of series resistance R in the circuit that carries the current 
we want to display (see Fig. 4-14). The varying current in the circuit 
produces a signal voltage drop across R . The waveform of this voltage 
across R corresponds to the original current waveform (Sec. 1-4). Thus 
when we display the waveform of the signal voltage drop across R as shown 
in Fig. 4-14, in effect we display the current waveform in the original circuit. 
We can find the amplitude of the current waveform by Ohm's law--that is, 
we can divide the amplitude of the voltage waveform by if. 
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[f the current waveform we display changes rapidly during any interval, 
we can minimize distortion in the displayed waveform by using a resistor 
#--and associated wiring--that introduce only small values of inductance 
and capacitance in the original circuit. For example, if we construct R 
of four small equal resistors in parallel we introduce less inductance chan 
as if we used one large resistor of equivalent resistance. 



Fig. 4-12 Graph showing ito maximum allowable Input voltages we can 
apply to th« proto of Fig. 4-10. 


et^.ss it isn T t practical to use the series-resistance method just 
discussw . xampie, we'might find it difficult (or even impossible) 

to insert a series resistor. Or we might want to display the currents 
in many different circuits so that the job of inserting series resistors 
requires too much time. Or perhaps even a small series resistance unduly 
disturbs the circuic we are investigating. In such cases we can consider 
3 currenr probe (Fig. 4-15), This current probe includes a U-shaped core 
of magnetic material. We slip the U-shaped core over the conductor whose 
current we want to display. Then we complete the magnetic circuit by 
sliding a bar of magnetic material over the U. Now we have in effect 
a transformer. The circuit whose current we want to display forms a 
one-turn 11 primary winding." The probe itself includes a secondary winding 
on the U-shaped core. The secondary voltage that results from a "primary" 
current change drives the probe cable. We cart connect the output end of 
the probe cable to either ( 1 ) a passive termination blocd; or ( 2 ) a small 
current-probe amplifier . Either the passive termination block or the current- 
probe amplifier connects to the oscilloscope vertical-input connector. The 
current probe shown in Fig. 4^15 performs according to the following data: 
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With passive 
termination block 


With current-probe 
amplifier 


Sensitivity (with oscil- 2 ma/div or 10 ma/div 10 calibrated steps 
loscope VOLTS/DIV from 1 ma/div to 

switch at .05) 1 amp/div 

fUsetime (in conjunction 16 nanoseconds 20 nanoseconds 

with 540-Series oscil¬ 
loscope and Type K plug 
Li preamplifier) 

High-frequency 3-db- 20 me 17 me 

down point 


Low-frequency 3-db- approx. 850 cps at 50 cps 

down point 2 ma/div; approx. 

230 cps at 10 ma/div 



Fig 4-13 A kiapaciciwij voh age-divider probe ihai can h4ndie input signal 
of the order of 30 kilcvahs peak -*ba- peak. 



F« 4 ,l& A turren. probe- By dipping « Bin «« * 

*' we ran use an oscilloscope tu display [he waerform of a varying 

current in the wire. 




Ckaptoi 5 

PLATE-LOADED AMPLIFIERS 

Figure 5-1 allows the circuit of the plate-loaded amplifier. The circuit 
shown is also called a resistance-coupled amplifier.* In oscilloscopes 
and related instruments, the plate-loaded amplifier is often used in push- 
pull form--but for simplicity we shall consider principally the single- 
ended form of place-loaded amplifier. 


5-1 Voltage gain. As we already know (Sec. 2-6),the polarity of the output 
'signal delivered by a plate-loaded amplifier stage is opposite to the polarity 
of the input signal. 
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The amplitude of the outpuc signal voltage from a plate- loaded amplifier 
is usually appreciably greater chan che input signal volcage we apply to the 
grid of the cube. We refer to the ratio of the outpuc voltage to the input 
voltage as the voltage gain A v of the amplifier. We can calculate the voltage 
gain by means of the formula 



Eq. (5-1) 


where p is the amplification factor of the tube, R L is the value of the plate¬ 
load resistance, and r p is the dynamic plate resistance of the tube. 


If the plate resistance r p Is very large. Eq. (5-1) can be simplified to 


A*- tnR L 

♦ For simplicity, we omit here any provision for the fixed bias voltage 
that is required to keep the average grid voltage negative with respect to 
the cathode voltage. 
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where g is the grid-plate t r an a conductance (mutual conductance) of the 
tube We can use Eq. (5-2) when the amplifier tube is a pentode, or with 
fair accuracy when the tube is a triode having a large value of plate resistance. 

When we use a pentode amplifier tube in conjunction with a large value of 
load resistance if,, the voltage gain of the amplifier stage might be sever a 
hundred or even more. At the other extreme, if we use a low-p triode in 
conjunction with a small value of R Lt then the voltage gain Is small-say, 
three or four. 


5-2 Output impedance. Let us consider the amplifier of Fig. 5-1. In the 
usual case, the powe7 supply is effectively a short circuit between the 
+ jr,. terminal and ground, as far as signal variations are concerned. I lien 
the^inrernal signal impedance of the amplifier when we look back into the 
output terminals 3 and 4 is effectively the dynamic plate resistance r p of 
the tube in parallel with the load resistance R L . 

Clearly this internal impedance of the amplifier is small (that is, the 
amplifier is approximately a constant -voltage source) if either or both 
of these conditions apply: 

1. The load resistance is small. 

2. Or the plate resistance r p of the tube is small (as in the case of certain 
tr lodes). 

On the . I. the equivalent internal impedance of the amplifier is 

large (that is, the amplifier is approximately a constant-current source) 
if both of these conditions apply: 

1. The load resistance R L is large. ^ 

2. And the plate resistance r p of the tube is large (as in the case of 
pentodes and certain triodes). 

The internal output impedance of a plate-loaded amplifier generally 
falls in a range from perhaps a few hundred ohms to several thousand ohms, 

5-3 input ca pacitance. The Input circuit (terminals 1 and 2) of the amplifier 

pjT 5-1 presents an appreciable amount of capacitance to a varying 
input signal. We shall call this capacitance C in . It includes these effects: 

1 The grid -to- cathode and grid-to-heater capacitances. These capacitances 
represent simply a shunt capacitance between the input terminals 1 and 2. 

2 The grid-to-screen and grid-to-suppressor capacitances, if the tube 
is a pentode. (The screen grid and the suppressor are ordinarily at or near 
ground potential as far as signal variations are concerned. Thus the gr d- 
to-screen and grid-to-suppressor capacitances are effectively simple shu 
capacitances between terminals 1 and 2.) 
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3 The grid-to-plate capacitance C sp . Let’s consider the effect of the grid- 
to-plate capacitance in terms of the capacitive loading it causes across 
the input terminals 1 and 2. 

Suppose for example, that the amplifier of Fig. 5-1 has a voltage gam 
of 10 And suppose we apply an input signal that drives the grid more 
negative by ao amount equal to 1 volt. As a result, the plate output vo tage 
becomes 10 volts more positive. Thus, effectively, we increase the VD tage 
across Cap by 11 volts. Note that we thus require our signal source to d 

two things: (a) drive the grid negative by 1 volt. and (b) supply elec ron 

current to the grid sufficient to chargef sp through a range of 11 volts. Ihis 
electron current of course, is the same as that which would have been 
needed to charge a capacitance that is 11 times as great as C„ p through a 
range o i 1 volt. 


Thus when the voltage gain is 10. C flp has the same effect on the input 
capacitance as if it were a grid-to-ground capacitance that is U times 
as great as C sp . In fact, when the voltage gain has any value A e> the gnd- 
to-plate capacitance C sp causes an input-capacitance effect equal to C 9P 

Av).* 
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Peaking or compensating circuits . In Secs. 2-7 through 2-9 we studied 
the effect of the unavoidable shuntTIpacitances that exist in an amphucr 
interstage-coupling system like that of Fig. 5-2. We found that the shu 
capacitance C„ includes C p , the plate-to-ground capacitance of V,, stray, 
th e capacitance to ground of the wiring and components; and C in ,the input 
capacitance of V 2 . We considered the makeup of C,„ m Sec. 5-J. 

The overall effect of these shunt capacitances, we found is to increase 
the risetime of the amplifier and thus to reduce the ability of the amplifier 
to transmit rapidly changing waveforms. Here we shall briefly eons! <- 
some ways of counteracting this undesirable eftect of shunt c *P^itwie . 
The circuits that effect the desired improvement in rise time are called 
peaking circuits or compensating circuits . 


*The influence of % on the Input capacitance is a manifestation of what 
in called the Miller effect . 
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the peaking circuits that we shall study, we accomplish the risetime 
. th PC f k . i nser cing appropriete v.lees of InOec.nce a. » or more 
‘r ts u , inters tage - coupling system. However, our choice of the kind 
£f peaking circuit affects not only the amount of risetime improvement, 
but this circuit choice also affects some other important characteristics 

, i j nmniifipr as well In this book we can't cover fully the various 

Of the amplifier ^ wUL ^ ^ conslder . Ther efore we shall 

consM^/^rincipally the risetime improvement that the peaking circuit 
provides. But we can mention briefly some of the other characteristics 
that are affected by peaking: 

I The amount of overshoot if any. In some actual amplifiers, we might 
not objec t to considerable overshoot--if we can use this overshoot to make up 
for any rounding of the corner in the step response of some other stage 
or device that is in the circuit. For simplicity, however, we shall consider 
here principally cases where we hold the overshoot to zero or to a very 

small value. 


The shunt capacitance C t 
{Fig - 5-2) increases ampU - 
tier risetimf. Therefore 
we often Include a peaking 
l compensatingJ circuit to 
reduce the riseilme. If 
Improperly adjust the 
peaking circuit, one of the 
effect* might he "ring¬ 
ing" --a damped cacti la! ion 

along the top of ar ampLifiisJ 
square w-awe as stiown here. 


The amount of ringing that might occur. Ringing as brought out by 
're-wave testing consists of a damped oscillation along the top of the 
outout square wave (Fig. 5-3). Important items are the amplitude and 
the P frequency of the ringing, and the rate at which it dies out (damping). 
Some imef ihen we construct an amplifier to operate in some required 
manner the amplifier also unavoidably adds an unwanted ringing to the 
outout waveform. But this unwanted ringing might cause no trouble if t 
freouenev is so high that a later stage or device won't transmit appreciable 
q u ms'of the damped oscillation. Here, however, we shall consider 
~ avoid ringing or keep it to a very small amplitude. 

3 The amount of delay that will be experienced by a sine-wave signal, 
as a function of its frequency. In some uses, we might want a sine-wa 
sienal to undergo a constant number of degrees of phase shift regardless 
oi'its Sreq'ency More often we ideally want a signal to undergo a fixed 



amount of time delay-in nanoseconds, for example. (This latter requirement 
i 8 equivalent to requiring the phase shift to vary in a linear manner with 
respect to frequency.) 

4 The extent of the high-frequency response --that Is.the upper 3-db-down 
frequency As we have learned, the upper 3-db-down frequency of the 
amplifier stage is given by B - K/T R -.where A Is approximately equal 
to 0.35. Thus, when we reduce the risetime by peaking, we expect the 
upper 3-db-down frequency to be higher. 

5 The cutoff rate of the frequency response at the upper end ot the 
amplifier passband. in some cases, we want the amplifier ^POhse to cut 
off rapidly above a certain frequency. In other cases, we are happy to have 
the amplifier respond to frequencies beyond its nominal passband even 
though at these higher frequencies we might not realize the full rated gam 
of the amplifier, 

6. The flatness of the frequency response curve within the amplifier 
passband. 

From the above considerations, we see that there isn’t really a "best'’ 
design for all amplifier applications. The designer must weigh various 
compromises in amplifier characteristics so that his final design will be 
suitable for its intended use. 





t ig. S-4 Slimt-pMfclUg circuit for racing amplifier rmttoto. 


If we apply an input negative-going voltage step to the grid of an amplifier 
tube then a resulting positive-going voltage step appears at the output 
t S 'succeeding interstage-coupling system. Let’s now consider how to 
shorten the risetime of this output voltage step. 
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Note that we usually make the coupling capacitance t"j and the grid 
resistor R Q (Fig. 5-2) so large that they have only a negligible effect on 
the risetime. 


5-5 Shunt peaking, A simple arrangement for improving (reducing) the 
risetime of the interstage-coupling system is shown in Fig. 5-4. The 
arrangement, called shunt peaking, consists of adding an inductor L in 
series with 'the plate-load resistor R L . This circuit functions as follows: 




I 

F ig. 5-5 (dj A negative-going Input 
voLiiijfo si tip we can ttfee ro 
ttst the response of itw 
amplifier of Fig. 5-4, 

(fcn Vj pUrr-current varia¬ 
tion when we apply the input 
waveform a. 

(c) 3i we don*t iiKlmie the 
peaking Inductor i.,thc Vi 
pUte-Gocpur voltage wave¬ 
form resembles graph c 
{see Sec. 

(tlj The £u rr ent in the peak - 
ing Inductor L can't change 
abruptJy, Since at tyrant 
A the Vj plate current 
drop* abruptly as shown 
Ln tfavdom h, the current 

Ln k after instant A includes 

electrons from Thus 
the Vj plane-output Mirage 
can rise more rapidly when 
we include L, 


, - instant A we apply a negative-going voltage step (Fig. .5-5a) 

to the griu x V), the plate current falls abruptly (Fig. 5-5b). In a circuit 
that doesn’t include L , the resulting output-signal voltage at the plate of 
Vj rises according to a curve like Fig. 5-5c. As we learned in Sec. 2-8, 
this curve corresponds to an HC charging curve invoicing R L and C a . 


2. Now consider what happens when we include the inductor L in Fig. 5-4. 
At instant A, the negative -going grid-input signal of Fig. 5-5a forces the 
plate current in Vj abruptly down (Fig. 5-5b). But the inductor L doesn t 
let the current in R L and L drop abruptly. Clearly, then, in the interval 
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immediately following instant A, the circuit involving ft L and L has to 
draw electrons from some new source--other than the V } plate. This new 
electron source is the upper terminal of Cg. This loss of electrons from 
the upper terminal of Cg changes the voltage at that terminal rapidly in 
the positive direction. Thus the plate-output signal voltage actually rises 
according to a curve like Fig. 5-5d. Note that we thus shorten the risetime 
of the coupling system when we include the inductance L, 



F1.JJ. PlaiH’idulpui volta^ >f Vj 

tfift. S-41 for a 
step Inpul, wlwn wc prop¬ 
erly L (OpLVfOil 

sjomptfiiiJtiOrt), 


We can calculate the value of L that gives the shortest risetime without 
overshoot from the formula 


, k L f i 


microhenrys 


Eq, (5-3) 


where \ is in kilohms and Cg is in picofarads. When we make L equal to 
the value given by Eq. (5-3), we say that the interstage-coupling system 
is oDtimallv compensated, or critically damped . Figure 5-6 shows an 
example of the square-wave response of an amplifier stage that is optimally 
compensated. 


If L has a value smaller than that given by Eq. (5-3), the interstage - 
coupling system is said to be undercompensated , or to have greater than, 
critical damping. In such a case, the risetime of the amplifier is greater 
than it would be with optimal compensation. The square-wave response 
of such an amplifier stage is shown in Fig. 5-7. Note that the output wave¬ 
form of this amplifier takes an unusually long time to rise through the 
first and the last few percent of its excursion (regions M and A ! in Fig. 5-7). 
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Plate-output voltage of Vj for a voltage-6lsp input, when we 
adjust L for too Isirle indue lance (undercompensation). The 
risen I mu is greater titan it would he with optimal compensation. 
In particular the output waveform I sites an unusually tong time 
co rise through the first and last tv w percent of its excursion 
(regions M and ,V), 


If L has a value larger than that given by Eq. (5-3), the imerstage- 
coupling system is said to be overcompensated , or to have less than critical 
damping. Figure 5-8 shows the aqua re-wave response of such an amplifier. 
Here the risetime is shorter than in the optimally compensated case (Fig. 5* ). 
But overshoot now appears. 
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If L has a value considerably greater than that given by Eq. (5-3), ringing 
might occur. 

Suppose we want the risetime of the interstage-coupling system to have 
some value T R nanoseconds, and suppose we want the greatest possible 
voltage gain with no overshoot. We can select fi L approximately as follows: 

R, = T S ,- kilohms Eq. (5-4) 

L 

where Cg Is the total shunt capacitance in picofarads.* Then we can estimate 
the required value of L from Eq. (5-3). The precise value of L required to 
give the shortest risetime without overshoot is usually quite critical. 
Therefore we usually make l an adjustable inductor by providing it with 
a movable core. 


Fig. 5-S pi ate 'Output voltage of V* 

(Fig. 5-4> for a voluge- 
atep input, when weiaJjuet 
L for too much inductance 
(avercrompensanar). The 
rlsecime is very short but 
the output waveform cm- 
hi hits overshoot. 

When we use optimal compensation B the risetime of the shunt-peaked 
amplifier stage is only 0.707 times the risetime of the same stage without 
ihe peaking inductor. By using values of L and R^ somewhat different 
those ‘given by Eqs. (5-3) and ( 5 - 4 ) t we can make the risetime only 
_ risetime of the same stage without the peaking inductor— 

and the ovti^noot will be only i percent. 


+ 



Fig,. 5-9 Scries-peaking circuit for reducing amplifier rifletime. 


*We can often estimate the value of rather closely--or while the 
amplifier Is turned on we can measure C# with, for example ( a Tektronix 
Type 130 L-C Meter* 
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A modified form of the shunt-peaking circuit uses a capacitance (sometimes 
a stray capacitance) across L. Proper proportioning of L, R L , and the 
capacitance across L makes the risetime only 0.566 times the risetime of 
the same stage without peaking. At the same time we get a nearly constant 
time delay for sine-wave frequencies within the amplifier passband, along 
with an overshoot of only 1 percent. 



Fig- 5-10 A negative-going inf*n 

voltage step we c*n uafftio 
ittii ibe rcspnrwi? of the 
amplifier of Fig, 

(b) Vt plate- cu t rent va rta - 
uan whc-Ei we apply Ibe mjwi 
waveform a. 

fc) if don't include the 
lr4t»cu>r L , the V ; pUtfi- 
ouiput voliage wiivrfortn 
rejsemhJt-^ graph c (nee 
Sec. 2-B). 

(d) L prevents the current 
in from rUing abruptly 
ac ingianf A , ThuNchepUce 
voltage (bcto« Cj) c*n 
me ranter because 
smaller than the itAal tihiint 
crapac it Artec tj + £>. 

(c) Currum in C± rises 
gradually through L t As 
the voltage At: rasa C* 
approaches itii final value, 
the current iti C* drop* 
£ region P>. 

(I) The aignul voicagc that 
reaches the gnrj of V t la 
the integral of the current 
in Q t Note that £l> the 
risetime of wavelurm 1 1* 
* 6 boner than the metlme 

of waveform c that would 
appear If L wert absent; 
anh {'!) the output response 
undergoes a lithe delay 0. 


f 


5- 6 Series peaking. Another scheme for improving the risetime of ail inter- 
stage-coupling system is shown in Fig. 5-9. We call this method series 
peaking. Here we separate the total shunt capacitance (Q in Fig. 5-2) 
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into two parts by Inserting the inductor L . These two parts of we shall 
call C* and Ci C-i consists of the plate-to-ground capacitance C p oi V, 
plus that portion of tfc* that is associated with the wiring and components 
connected to the plate of V,. Q consists of the input capacitance C, in ol \g 
plus that portion of C stTa „ that is associated with the wiring and components 

connected to the grid of Y$. 

Designers often take the condition c* - 2C 3 as a favorable design condition. 
You can often come close to this arrangement by putting the coupling capacitor 
C, e i t her at one end of L or at the other--so that the capacitance of < j to 
ground is either a part of C 3 or a part of C*. But if you use dc coupling 
(described later in this chapter) Cj is absent. 

The series-peaking circuit functions as follows: 

# 

1. If at some instant .4 we apply a negative-going voltage step (Fig. 5-lOi) 
to the grid of V. the plate current falls abruptly {Fig. 5-10b). Without L, 
the output signal voltage at the plate of V, rises according to a curve like 

Fig. 5-10c f as we learned in Sec. 2-8. 

*• 

2. When L is present # it prevents the current in C 4 from rising abruptly 
at instant A. In effect, at the start of the voltage rise at the plate of Vj t e 
inductor L isolates c\ from the plate of the tube. Thus the plate votoge 
can rise faster because the shunt capacitance C 3 is smaller than the total 
shunt capacitance Cg. This rising plate voltage is graphed in Fig, 5-10d. 

3. As the plate voltage of V, rises according to Fig. 5-10d, Q begins to 

charge through L so that the voltage at the upper plate of C; rises at each 
instant toward the voltage at the plate of Vj. The charging current in C 4 is 
graphed in Fig. 5-10e. When the voltages of both C 3 and Ci have nearly 
reached their final values, the charging current in Ci again drops toward 
zero (region P in Fig. 5 -lQg). ^ 

4 The voltage across C| is of course the integral of the charging current 
in Ci We can therefore sketch the output waveform of the interstage- 
coupling .system by drawing an integral curve for Fig. 5-10g, using either 
the meth^ of Sec. 1-14 or the method of Sec. 3-5. The resulting output 
signal voltage is graphed in Fig. S-10f. Note that we have decreased the 
risetime of the coupling system by inserting the inductance L. 

„ -T effect 'too--the output step function of Fig. 5-lGf is 
measurably . -,ayed with 'respect to the input step function of Ft?. 5-tOj. 
In fact one way of looking at the operation of the circuit is to consider that 
it improves the risetime by storing signal energy at the start of an output- 
- voltage rise (region T of Fig. 5-11) and releasing that energy at a later time, 
near the end of the output-voltage rise (region U of Fig. 5-11). 


' • After the start of the rise, the plate-voltage curve begins "Jg 

by current that flows in the Circuit comprising c t , l , and K L , This cur re 
is discussed in the following step 3. 





r 


For a given small overshoot, the series -peaking system gives a risetime 
that is somewhat shorter than that provided by the simple shunt-peaking 
system. But the risetime of the series-peaking system is only slightly 
better than that of a shunt-peaking system that includes a suitable capacitance 
shunting the peaking inductor (last paragraph of Sec. 5-5). 



(«) V t pUie-outpur TOltojje 
wavt'torm in (jit jounce 
L (M*. y?9). Thin l* 
the waveform of Fig, 5- lOe, 
When vs incJud* L + t&e cir¬ 
cuit stores energy d-urntg 
the ioumt T of wtyctorfli 
a. 'the circuit retches fhU 
arored energy during the 
Inter interval V. 

(bj The signal - VL^liflge 
waveform reaching rtiegfid 
of u. [Fig- 5-9). Be cause 
the circuit stares energy 
during Interval T #ti4 re¬ 
leases this energy during 
Interval tf, two things 
happen j 1) the nsetimu 
is reduced, and 2) the 
output waveform at If grid 
is delayed. 


The series-peaked circuit has a tendency toward overshoot and ringing. 
Note that L C$ m and Q constitute a resonant circuit that tends to produce 
damped oscillations when we apply a rapidly changing waveform. We often 
connect a resistor across L f to reduce or eliminate ringing by absorbing 
the energy of any damped oscillations that might tend to occur. 
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5-7 Combination peaking. We can realize a further improvement in risetime 
for a given amount of overshoot if we combine features of shunt peaking 
with those of series peaking. Figure 5-12 shows an example of an interstage- 
coupling circuit that combines shunt with series peaking. We call this 
system combination peaking or shunt-series peaking . As an example of 
the performance of such a circuit, one design results in a risetime that 
is only 0.453 times the risetime of the same amplifier without compensation t 
with an overshoot of 3 percent. 

We can achieve especially good results by coupling the series-peaking 
inductor magnetically to the shunt-peaking inductor. In fact, we can combine 
these two inductors in the form of a single tapped inductor, called a " T coil," 
as shown in Fig. 5-13. Such an arrangement can be made capable of a rise¬ 
time that is only about 0.33 times the risetime of the same circuit without 
compensation. 


+E bb 



Mg, 5-13 (yOnVunatfosii-prakiitf circuit (Mg. 5-12), but Including mutual 
fm&KTJttce between #ftu**t-£esiklng and series-peaking iinlgcior* 
VVe tail the Lom^uitd peaking coil a T toil. 


5-8 .Square-wave response versus high-frequency response . When we use 
a peaking system f we don’t control just the risetime of an amplifier stage. 
One of the other performance characteristics, In addition to the risetime, 
that we affect through the use of a pdaking system is the high-frequency 
cutoff rate (Sec. 5-4). 

The cutoff rate--the way that the amplifier gain tapers off with increasing 
frequency—is determined by (1) the form of the peaking or compensating 
circuit (shunt, series, etc.), and (2) the degree of compensation (how much 
we improve risetime 1 by peaking). There isn't any simple way to predict, 
for all circuits, just how the peaking will affect the high-frequency response. 
But we can make some general statements that tell us approximately how 
a given degree of peaking or compensation affects the high-frequency 
response. 
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[if we use optimal compensation f we get the shortest risetime that doesn't 
result In overshoot. The resulting response to a step input signal is shown 
in Fig. 5-14a, Figure 5-14b shows the general form of the corresponding 
high-frequency response curve that we get with optimal compensation. 
Note that the amplifier gain falls off at a smoothly varying rate. In the 
ideal case, the high-frequency rolloff would follow a curve called a gaussian 
curve. We can tell roughly whether a given frequency-response curve 
approximates a gaussian curve as follows: First, we note the 3-db-down 
frequency (that is, the frequency where the a mp lifier gain is 0.707 times 
the gain at some medium frequency). Then we note the 12-db-down frequency 
(the frequency where the gain is 0.25 times the medium-frequency gain). 
If the amplifier high-frequency rolloff approximates a gaussian curve, then 
the 12-db-down frequency is about twice the 3-db down frequency. 


tijj. 5.-14 (a) itep response of opti¬ 

mally compensated Ampli¬ 
fier. ThW respond- sham 
th£ tfwmoH risrtfmc that 
n Achieve without 
overshoot, 

(to) rretiitriwy ctf 

npy n. j LI y compt-ns jt ed 

Amplifier. TIlc iKirjH.it Mllti 
oft nmooch W 4U» we tnv ru4*c 
the input sine ■■ wjjvv fre¬ 
quency. Tim* fa It-elf curve 
J pp rU A L ni a lea Si gAbiii S L An 
curve, where the 1. Jij- 
down frequency ls rvuce 
the 3 -Jii - down frequency. 
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If we use greater than optimal compensation, we further shorten the 
risetime but we get overshoot. The resulting response to a step input signal 
is shown in Fig. 5-15a. Figure 5-15b shows the general form of the cor¬ 
responding high-frequency response curve that we get with greater than 
optimal compensation. Note that the amplifier response might show a peak 
as the input frequency increases. Then, with a further frequency increase, 
the response cuts off rapidly. The height of the peak and the sharpness of 
the cutoff depend upon the degree of overcompensation. Severely over¬ 
compensated amplifier stages tend to ring at approximately the cutoff 
frequency when we apply rapidly changing input signals. If we decrease 
the plate-load resistor R L in such an overcompensated stage, we reduce 
the voltage gain. But we can then adjust the compensating inductance s) 
to change the shapes of the responses shown in Figs. 5-15a and b to those 
shown in Figs. 5-i4a^ and b. 

If we use less than optimal compensation, we get a risetime that could 
be shortened by increased compensation (Fig. 5-16a). In particular, the 
output response to an input step waveform takes an unduly long time to rise 
through the first and the last few percent of its excursion (Sec. 5-5). Figure 
5-16b shows the general form of the high-frequency response curve that 
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we get with less than optimal compensation. Note that the response fails 
off more slowly with increasing frequency than it would according to the 
gaussian response curve. By increasing the plate-load resistor in such 
an undercompensated stage, we can increase the voltage gain. Then, by 
adjusting the compensating Inductance(e), we can change the shape of the 
responses shown in Figs. 5-16a and b to those shown in Figs. 5-14a and b. 


Mg. 5-1^ (*) Step n-uptiUHi' of ovur- 

coni [if riM ai uil N&ipU I II 1 i 

Note ihti overshoot. Hie 
nmput might also exhibit 
ringing (damppdppdlUtlim 
along the fiat top of the 
waveform). 

(b) Frequency response of 

overcdmpensaced ampli¬ 
fier. Typical overtompen- 
sanon effects include'{1) 
rise in output Amplitude as 
we innreast' thu input fre¬ 
quency, then (2) sharp OU- 
oft in ourpu; amplitude as 
we increase the input fre¬ 
quency further. 
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When we adjust the peaking inductors in the vertical amplifier of an 
c 1 lo^cope, we customarily apply a square-wave input signal and adjust 
thv f ** the greatest values of inductance that do not result in 

observable l ,uuot in the display. Then we check the frequency response 
with a sine-wave generator to see that the 3-db-down frequency is at least 
as high as the value specified for qur particular type of oscilloscope. 




(a) Step response of under¬ 
compensated amplifier. 
(Usttltne la loti^r tfuw It 
would he wichopiimdl com¬ 
pensation. And the nut put 
waveform takes jn unu¬ 
sually long etmtf to ruse 
through ihe first and Issr 
few percent of ltd 
excursion. 

(b) Frequency response of 
undercompensated am pit ■ 
fier, showing typical long, 
s low fa 1 lof f i n out put am pi i - 
rube AS we increase the 
input frequency. 
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5-9 Low-frequency response . Let us consider the low-frequency response 
of the amplifier shown in Fig. 5-1. This amplifier is redrawn in Fig. 5-17. 




If we apply a sine*wave signal to the input terminals of Vj t an amplified 
and inverted signal voltage appears at the plate of V), This signal voltage 
causes a signal current to flow in C j and R g in series* The signal voltage 
drop across R fft resulting from the signal current t is the effective output 
signal voltage from V 2 chat is applied to the grid of V$ * 


At medium and high frequencies t the reactance of the coupling capacitor 
Cj is negligible. Therefore there is no appreciable signal voltage drop 
across bo that the signal-voltage drop across R g Is essentially the 

same as the signal voltage developed at the plate of V/, Thus, at medium 
and high frequencies usual values of Cj have no appreciable effect on the 
transmission of the signal voltage from the plate of Vj to the grid of V** 

But if we apply sine waves of lower and lower frequencies to the input 
terminals of the amplifier the reactance of Cj becomes greater and greater. 
As the reactance of C* increases as a result of this reduction of signal 
frequency, the signal current in Cj causes an increasing signal-voltage 
drop across But the sum of the signal-voltage drop across Cj plus the 
output-signal voltage across R g must always equal the total signal voltage 
developed at the plate of V 1 * Therefore, at low frequencies, the signal 
voltage that reaches the grid of Vfc is smaller than the plate signal voltage 
of V l by the amount of the voltage drop across C t * 

We often need to know the lower 3-db-down frequency of a given am¬ 
plifier--that is, we need to know the value of that low frequency at which 
the voltage gain is 0.707 times the gain at medium frequencies. We can 
find /jj by means of the formula 


As we go to lower and lower frequencies the voltage gain progressively 
falls off, becoming equal to zero {no signal transmission) at zero cycles-- 
that is, at dc, 

+e-u 


NPUT 


Fig. 5-17 The pUtie-loaded Amplifier, redrawn, 


Suppose we apply an input negative-going ,square-wave signal to the grid 
of Vi in the amplifier of Fig, 5-17. The resulting signal voltage reaching 
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the grid of V* is an amplified positive-going square wave. If the flat top 
of this amplified square wave has a long duration, the fiat top tends to 
sag {Sec. 2-11), The amount of the sag depends upon the relation¬ 
ship between the duration of the flat top and the time constant Figure 

5-18a shows the sag that exists in the amplified square wave when the time 
constant R Q C 1 is short compared with the duration of the flat top of the 
square wave. A corresponding frequency-response curve for such a case 
(where R g C 1 is small) is shown in Fig. 5-18b, 



Fig. 5*18 


00 


(i) Step respontt of the 
amplifier of Fig, 5-17 if 
the Lime con st am fyO ia 
relatively short. Note that 
the top of this output wave¬ 
form exhibits appreciable 
udgfSec. 2-li). 

t 

(b) Low -frequency re- 
spouse of the amplifier af 
Fig. S * 17 If the time con¬ 
stant RgCj U relatively 
short. 



„ c -he time constant K g C 1 --by increasing the value of either 

if or Cj , ur both--we reduce the amount of sag in a given output square 
wave (Fig.’5-19a). At the same time, we extend the frequency response 
to lower frequencies (Fig. 5-19b), 



Fig. 5-19 (a) Step response of the 

amplifier of Fig. 5-17 If 
we increase the time con¬ 
stant KffQ, The sas Is 
smaller than In Fig. 5-ifla, 

(Jj) Low - frequency re¬ 
sponse of the amplifier of 
Fig. 5-17 if we increase 
the time constant fyCi 
The frequency response 
extends to lower frequen¬ 
cies than in the r*#e of 
Fig. 5-lSb. 


5*10 Dc-coupled amplifiers . Sometimes we want to transmit signal varia¬ 
tions whose frequencies are extremely low. Or we might want to transmit 
steady dc information such as beam-positioning voltages for a cathode-ray 
tube* The capacitiveiy-coupled circuit of Fig. 5-17 doesn't serve these 
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purposes because the coupling capacitor C } cannot transmit 11 dc" information. 
Thus we refer to a circuit that uses a coupling capacitor as an ac - coupled 
circuit. 

Figure 5-20 shows a dc-coupled amplifier that can transmit not only 
medium- and high-frequency signals but also dc information and very- 
low-frequency signals as well. Observe that there are no series coupling 
capacitors that would block dc or low-frequency signal components. 



Fig. 5-ZU A Jg-LuuplieJ amplifier, UluetraUng i he dc lewis tftJl 

exiai m a typical (iase «ir input, DUEpui, and v*rKHts other 
circuit pomra. 


The tubes in this particular amplifier receive their negative grtd-ro- 
cathode bias voltages by virtue of the cathode-current voltage drops across 
biasing resistors in the cathode leads to the tubes. 

Since there are no coupling capacitors, the grid of each tube operates 
at a dc potential equal to that of the plate of the preceding tube. And since 
the plate voltage of an amplifier tube must be more positive than the grid 
voltage of the tube, we must generally provide the plate circuit of each 
succeeding tube with a positive power-supply voltage that is greater than 
the voltage we provided for the preceding plate circuit. We can consider 
this special power-supply requirement as the price we pay for the ability 
to amplify dc and very-low-frequency information. 

If che dc-coupled amplifier is to amplify rapidly changing waveforms as 
well as dc and low-frequency information, we can apply customary peaking 
circuits as described in Secs, 5-4 through 5*7, 
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5-11 Dc levels. When a dc-coupled amplifier Is not transmitting information, 
the input circuit rests at a no-signal or " quiescent” dc voltage that is 
determined by the quiescent dc voltage of the signal source We call his 
quiescent voltage die dc level of Che input circuit. This input dc level might 
be ground level (zero volts), or it might be some positive or negative dc 

voltage. 

The amplifier of Fig. 5-20 Is intended to operate at an input dc level of 
zero volts. That Is, when che signal source applies no varying signal to 
the grid of V/ the signal source holds the grid of V t at a dc level of zero 
volts Out for normal operation as an amplifier Vj requires a no-signal 
dc grid voltage that is somewhat negative with respect to the cathode. 
This required negative grid-to-cathode voltage is the normal grid-bias 
voltage of the tube. The required grid-bias voltage is usually of the order 
of a few volts. Since the grid operates at a specified dc level of zero volts, 
the only way we can provide the required negative grid-to-cathode bias 
voltage is to operate the cathode at a somewhat more positive dc potential 
than the grid dc level, if, for example V, requires a grid-to-cathode bias 
of -1.65 volts, we would operate the cathode at + 1.65 volts. 

In the amplifier of Fig. 5-20, the cathode potential is fixed by the voltage 
drop across the cathode resistor Rj. This voltage drop is caused by he 
normal cathode current in V,. We choose H* so th« the normal cattode- 
current voltage drop across Rj, as calculated by Ohms law, places the 
quiescent cathode potential of V, at 1.65 volts. If c hede st rede a thod^ current 
in V 1 is 5 milliamperes, we see that Rg has to be 330 ohms as shown in 

Fig. 5-20. 

We can figure the corresponding dc voltage drop In the Y r j plate-load 
resistor Rq If Rs is 5 60° ohms and if the plate current Is 5 milliamperes, 
the voltage drop across R s must be 28 volts. Thus the pUse of V, has a 
scent dc level of 100 - 28 - +72 vol^s. And since the plate of V, is 
-ed to the grid of , the dc level of that grid is also + 7 2 

voles as St^ in Fig, 5-20, 

Suppose we want the second tube \ to operate at approximately these 
quiescent (zero-signal) conditions: 

Plate-to-cathode voltage + 250 volts 

Grid-to-cathode bias -2 volts 

Screen-to-cathode voltage + 150 volts 

Plate current * 25 milliamperes 

Screen current 6 milliamperes 

You can check that the circuit of Fig. 5-20 provides operation « values 
that are very close to chose we just listed. (Remember that the cathode 

current of F. is the sum of the plate current--25 milliamperes--plus 

che screen current--6 miHiamperes.) 

We note that the output dc level ac the plate of V* is+330 volts. Thus 
the amplifier shown is suitable for supplying signals to a dc-coupled circuit 
that has a rated input dc level of +330 volts. 
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Incidentally, signal currents in the cathode resistors fl* and K i cause 
signal voltage* drops across those resistors. These signal voltages across 
K . and R< have polarities such as to reduce the over-all grid-to-cathode 
signal voltages. This effect reduces the voltage gain of the amplifier of 
Fig. 5-20. This result is actually a form of negative-feedback operation. 
And although the negative feedback reduces the voltage gain, we shall 
nevertheless learn later that a certain amount of negative feedback might 
be desirable for other reasons. (As we have already noted, many oscillo¬ 
scope amplifiers are actually push-pull amplifiers--although we are con¬ 
sidering single-ended amplifiers for simplicity. In a push-pull amplifier 
we can avoid the form of negative feedback just mentioned if we wish. 
We do this by providing a circuit where all or part of the cathode resistance 
in a given push-pull stage is common to both tubes in the stage. As the 
signal current increases in the cathode circuit of one tube, the signal 
current decreases correspondingly in the opposite tube in the push-pull 
circuit. Then the total cathode current in the common cathode resistance 
remains essentially constant. Thus the negative-feedback voltage drop 
across the cathode resistance doesn't occur.) 


5_j2 Voltage dividers for setting dc l evels . Suppose that a certain point in 
a circuit (call it point A) operates at a given dc level--say, + 100 volts. 
And suppose we want to feed a signal from point A to some other point 
(point fl) that operates at a different dc level--say, + 50 volts. We can 
insert a voltage divider like that of Fig. 5-21 between points A and A'--so 
that we can transmit signals from point A to point 6 while each point remains 
at its proper dc level. At the same time, we retain the operating character¬ 
istics of dc coupling. 


Tigr 5-21 Voltage divider for ubulg¬ 
ing ihtf dc level from +100 
valtw ig +50 vo!|Li, Here 
q we ground! the lower end of 

I he voltage 41 vidor. Be- 

—G aides changing thedc level. 

this divider reduces the 

OUTPUT varying - signal output 

amplitude by 50 percent. 

x 


In the example of Fig, 5-21 we want the voltage across H B (50 volts) 
to be one-half the total voltage (100 volts) across the divider. Therefore 
we make R B equal to one-half the total divider resistance. We note, however, 
that the output signal voltage at point B is therefore only one-half the 
input-signal voltage we apply to point A. 

To reduce the signal-voltage loss we just mentioned, while still achieving 
the wanted change in dc level, we can use a circuit like that of Fig. o-22. 
Here we connect the lower end of R B tt? a -150 -volt supply rather than to 



ground. Thus «. «.n, *. ho ^ 

the 50 volts that we wanted across H B ‘ s ' " ’ h {ou ‘ r -fifths of the 

” e .™5 =“250 % vol'” 'Therefore, Fig. 5-22, »e 

total voltage across thL d J ^ resUtaliee T[lu , t he output- 

make % equal totar-to^ is 1 also fou r-fifths of the input -signal voltage 
signal voltage a P° t h e signal -voltage loss in the arrangement 

much less than that in the circuit of Fig. 21. We call an 
arrangement like Fig. 5-22 a long-tailed voltage divider. 



Fig, 5-22 L©fl(g-EalJtti voltage divider 

tar changing die dc l evel 
from +100 volEi w + 50 
voles. Here wc connect the 
Lower end of the divider 
to « -150-voli supply. Ttui* 
arrangement reduces the 
varying ■ slpal out pun 
amplitude by only 20 
percent. 


There U ulmiye • . .. 

the circuit we drive with thL signal rtn ^ ^ compe nsate for any wave- 
able capacitance as FsW ln rig. that us ed in amplifier-input 

The compensating capacitor is 

■ a-s C in Fig. 5-23. 

»• 



Fia 5 23 When *e tee a ™ltige tBviUer tochange the dr.' level, t he eim dt 

" drive uni™.diblv presents same input 

input competed voltage dividers (Sec. *-?)■ 






5-13 Permanence of gain an d dc level . Suppose we want to use a tube of 
a certain type in a dc-coupled ampUlier, and suppose we want the tube 
to operate with a no-signal cathode current of, say, 4.6 miIliamperes. 
Lei the solid-line graph of Fig, 5-24 illustrate the plate current-grid 
voltage characteristics of the tube for the plate voltage we use. Note chat 
we need a negative grid-to-cathode bias voltage of 1.8 volts to allow 1 the 
4 . 6 -milliampere current we want. The corresponding operating point is 
shown as point A In Fig. 5-24. 
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G<R.I D~TQ“ CATHODE VOLTAGifc, 


Fiji 5-24 [tve riwmiiiTtauc* uf a certain tube arc rupruatmtcii by ffif 
HLjitU-Unu mfwr, Upentti* point a cartutipmA* 10 ■ pl«e 
^rrem uf 4,6 miltlampcruN and a M*« of -l.&vuh», We c*n 
ttttlcct operaisnis polK A by either \*) providing an eiiemal 
tixud-blu source ot U.B wits (Ft#. 5 ^Sai h or W “bi* a 
SUO-ohm aAT hnfr'biiUi te*i*X<tr to around (H*. 5 - 25 bl or 
rc) wing a 31 fMKTuhm uuhnik-bnui romiatur cuanecuai to 
j -iMkvuli supply (Ft*. Sdfeci. if ibe lobe I’lumerwrliKkr* 
iww change to lJumc Indicated by tbtf broken-line curve, (he 
fixed-Mi- nntibod sekvus operating potm B ; the iPHflnkd 
cathode-fwisicrr method eeitcttf operating point C' while the 
" long-tAFUftg* method (Urge oiifiod* realsuncr to -ISO Iraki) 
itelecu aperating point f*. Thu*, even though the tube chiraticf - 
ltiiice might change, the kHig-tailing method (1) pre&erveu the 
Etc itfvtib m the circuit by keeping the plate current at t*tsentially 
its original value, and tf* maintains the mutual conductance 
I i and therefore the voltage gain! at nearly its. original value, 
t The value of ^ at any operating point i a Indicated by the slope 
of a [ungvm line to the chAractenmie curve at that point! 


Fie 5-25 shows three ways we could get the 1.8 -volt grid-to cathode 
bias we appear to need. Fig, 5-25a shows an external bias-voltage source 
connected in series with the grid-return resistor R g , to supply the bias 
voltage. 
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Fig 5-25b shows a resistor R k of 390 ohms connected between cathode 
and ground" that is, between cathode and the negative terminal of the dc 
power supply. Thus a cathode current of 4.6 milliamperes produces 
TOkage dr of/ of 1.8 volts across R k . And this voltage drop comprises the 
desired 1.8-volt negative grid-to-cathode bias voltage. 

F1 „ 5-25c shows a 33 000-ohm resistor R k connected between cathode 

and a negative 150-volt power supply. A cathode current of 4.6 milliamperes 
causes a voltage drop of 151.8 volts across R k , so that the cathode operates 
at a voltage of +1.8 volts. And here, too, the operating negative grid-to - 
cathode voltage has the desired value of 1.8 volts. 

Actually then any one of the three circuits shown in Fig. 5-25 places the 
o p/rating 7 'point' at "the desired pot* 4 of Fig 5 -24-if the tube has the 
characteristic curve shown by the solid-line graph of Fig. 5-24. 


+ EAi + tjU 
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FIR. 5-25 Three mfttad* of seeing c£e operaittig point A m usad in 
Fig, 5 - 24 . 

-Ut the operating characteristics of the tube might vary from those 
„ a c - ■ e solid-line graph of Fig. 5-24. Reasons for such a variation 

, . T in me ill avine of the tube; (2) variation in heater-supply voltage 
^SJgSSi to c«tai emission; or ( 3 ) tube replacement. 
If U 3 S seThow the three circuits of Fig. 5-25 compare with respect to 
keeping the amplifier characteristics as nearly constant as possible even 
though the tube characteristics might change. 

Suppose for example, that the tube characteristics change from those 
iJS VTthe solid-line graph of Fig. 5-24 to those indicated by the 
broken-line graph of Fig. 5-24. Such a change in characteristics might occur 
from one or more of the three causes we mentioned in the preceding paragrap . 

If we use an external fixed-bias source (Fig. 5-25a>. the grid-to-cathode 
fails voltage remains at -1.8 volts, even though the tube characterise 
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change And thus the operating point of the tube becomes point B of Mg. 
Therefore the cathode current of the tube now becomes slightly less than 
i mlUlampere—instead of the 4.6 mlllUmperes we want. This current 
change causes two undesirable effects: 

1 The reduced current causes a reduced voltage drop across the plate- 
load' resistor R, of Fig. 5-25a. Therefore the dc voltage level at the plate 
of the tube becomes appreciably more positive than It was originally. This 
dc-level change might disturb the operation of the circuit that the ampliiter 
drives. 

2 And the slope of the plate current-grid voltage curve Is appreciably 
less' at point B than it was at point A. The slopes of the curves at these two 
points are indicated by the slopes of the straight tangent lines drawn to the 
curves at these points. This slope, or steepness, at a given operating point 
actually indicates the mutual conductance e,,, of the tube at that operating 
point--and thus the slope gives a rather good indication of the amount 
of voltage gain we can expect when the tube works a given operating point. 
Thus we see that the voltage gain of the amplifier stage operating at point 
B is appreciably smaller than the gain we get at point A. 

Now suppose chat we use the grid-biasing arrangement of Fig. 5-2^~ 
a cathode-biasing system, rather than the external-bias connection of F g. 
5-25a. When the tube characteristics change from those of the solid-line 
graph' to those of the broken-line graph of Fig. 5 - 24 , the cathode current 
decreases But the reduced cathode current produces a smaller bias- 
voltage drop across fi*-so that the cathode current actually remains 
closer to the value it had before the tube characteristics changed. In fact, 
the new operating point is point C of Fig. 5-24, as you can check. Note 
that the cathode current at operating point C is 2.6 milUamperes --appreciably 
closer to its original value of 4.6 milliamperes than it was at point B. 
Thus if the tube characteristics change, the resulting dc-level change 
at the cube place is smaller with the circuit of Fig. 5-25b than with the 
circuit of Fig. 5-25a_. 

Furthermore, the slope of the tangent line to the curve at point f is 
nearly equal to the original slope at point A. Correspondingly the voltage 
gain of the stage now remains closer to the gain that existed before 
cube characteristics changed. 

But if we use the grid-biasing arrangement of Fig. 5-25c_, we note a 
further improvement in the stability of the amplifier with ^spect tothe 
dc level and with respect to gain. In Fig. 5-25c we use a large cathode 
resistor (33,000 ohms). Therefore even a small cathode-current change 
causes an appreciable change in voltage drop across V Thus if the cube 
characteristics change from the solid-line graph to the br ^ en ^ l “ e 
che voltage drop across R k changes from 151.8 volts to about 150 5 volts. 
The negative grid-to-cathode bias voltage accordingly changes from 1.8 
volts to about 0.5 volt. And the new operating point is point D of Fig 5- . 
\r the latter point we see that the cathode current Is back almost at its 
original value of 4.6 milliamperes. Therefore the plate dc voltage level 
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Is almost exactly what It was before the tube characteristics changed. 
Similarly, the slope of the tangent line at point D Is almost exactly what 
it was at’point A --so that the voltage gain of the stage is close to the value 
it had before the tube characteristics changed. 

- ^ than, that the plate-output dc voltage level and the voltage gain 

reman. . „*rly constant if .instead of the fixed-bias circuit of Fig. 5-25a, 

we use a cathode-resistor biasing arrangement like Fig. 5-25b or Fig. 5-25c. 
The dc level and the voltage gain are particularly stable when we use a 
large cathode resistor connected to a relatively negative supply voltage 
as In Fig. 5-25c. We call the arrangement of Fig. 5-25c a long-tailed 
stage. Briefly, the long-called stage owes Its dc-level and voltage-gain 
permanence to’ these facts: (1) The negative grid-to-cathode voltage that 
largely controls the plate current consists of the voltage drop across the 
large cathode resistance R k . (2) Any plate-current change produces a 
relatively large change in the voltage drop across the cathode resistor 
K And (3) this cathode-resistor voltage drop changes in a direction that 
tends to restore the plate current to its original value. (If the stage is 
single-ended Instead of push-pull, then this result reduces the voltage 
gain by negative-feedback action--compare Sec. 5-11). The marked dc- 
level and gain permanence of the long-tailed stage Is important in oscillo¬ 
scopes and other Instruments. 

Furthermore, in the long-tailed amplifier (Fig. 5-25c), the plate current 
remains relatively constant even when we change the plate power-supply 
voltage E m . For example, any plate-voltage rise tends to increase the 
plate current (and the corresponding cathode current). The resulting cathode- 
current rise increases the voltage drop across R k . And this voltage increase 
across li k increases the negative grid-to-cathode voltage--thus tending 
to reduce the plate current. In this way, the long-tailed arrangement of 
Fig~5725c keeps the plate current at nearly Its original value even If we 
change the plate-supply voltage % moderately. That Is, V t in Fig. 5-25.C 
operates somewhat as if this tube had a larg?5 dynamic plate resistance tp. 

For certain applications we might use Che cathode-to-plate circuit of 
a second tube V t as the cathode resistor in a long-tailed stage, as shown 
in Fig. 5-26a. In V., the dynamic plate resistance (to a varying current) 
can be large*, even though conducts appreciable dc plate current that 
also flows in’ V}. As an example, suppose VJ and conduct an average 
(dc) plate current of 10 milliamperes. And suppose that the V, dynamic 
plate resistance r p is 50 000 ohms. (That is, a moderate current change 
meets the same opposition in the" V; cathode-to-plate circuit that this 
current change might meet in a 50,000-ohm resistor.) Now any moderate 
plate-current change In Vj meets an opposition like that in a long-tailed 
amplifier where the cathode resistor Is 50,000 ohms. But, by Ohm's law, 
an actual 50 000 ohm resistor carrying 10 milliamperes causes a 500- 
volt drop. Thus, by using VJ in Fig. 5 - 26 a, we achieve a stability in V, 
gain and dc level that otherwise requires a 50,000-ohm cathode resistor 
connected to a -500-volt supply—and dissipating 5 watts. (To make the 
v plate current, voltage gain, and dc level even more stable we can long- 
V c‘~ cult itself as In Fig. 5-26b. In some cases we even replace 
R k in i ..yD with a third tube V 3 as shown in Fig. 5-26c. In this way 
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we can make ^ as stable as If we replaced VJ and V s with a cathode 
resistor of several megohms connected to a negative supply voltage of 
several kilovolts.) 


In all of these long-tailed circuits (Fig* 5-25c and Fig. 5-26), the large 
impedance in the cathode circuit has a degenerative effect. 1 hat is, the gain 
is stabilized as just described but is also made smaller than it would be in 
the absence of long-tailing. In fact, the gain (when the cathode-circuit 
impedance is great) may become so small that the circuit in the exact form 
shown may be essentially useless. Accordingly these circuits are of greatest 
interest where some one of the following arrangements is made: 

1, A suitably large capacitance is used to bypass the cathode circuit to 
ground. In this case, the cathode-circuit impedance to the varying signal 
is reduced or eliminated--so that the gain takes the larger value it 
would have in the absence of such a cathode impedance* 

2. Or the input signal is taken from the cathode terminal of the cube instead 
of the plate, and the plate load resistor Is eliminated. In this arrange¬ 
ment, we have a cathode-follower circuit--an inherently dc-stable low- 
gain circuit described in detail in Chap. 6. 


3, Or two tubes are combined in a long-tailed circuit known as a cat hude - 
coupled amplifier, as described in Chap. 7. 



V 3 nerves i«ihe cathjodo 
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Fig, 5-» 

5-14 Grounded-nrid amplifiers. Thus far we have considered cases where 
we fed the input signal co the grid of a plate-loaded amplifier. But It is 
also possible to apply the Input signal to the cathode of the amplifier, 
meanwhile holding the grid at some fixed voltage. Such an arrangement 
is shown In Fig. 5-27. An amplifier .operated in this manner is called 
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a grounded-grid amplifier (even though the actual fixed grid voltage might 
not actually be zero or ground potential). Normally, .we set the no-signal 
cathode voltage somewhat more positive than the fixed grid voltage. In 
this way we maintain the required negative grid-to-cathode bias voltage. 





Fig, 5-27 GroimniibJ-grlil amplifier. 

Wtr ipply the input bigruil 
to rbt eat bode instead of 
Lhe grid. We the 

grid At iufiit ! LaoJ, tic vot- 
ugv iperhapti grntmd,, per - 
haps some other voltage). 
Die input unpwJsnctf 1*3 kaw. 
The output signal-voltage 
polarity in the aairte as the 
input signal - voltage 
polarity. 


If i for example, we apply a positive-going input signal voltage to the 
^ ie the effect is the same as if we made the instantaneous grid-to- 
c. ^,, - more negative. Therefore the plate current of the tube 

decreases. ^ a result, voltage drop across the plate-load resistor decreases. 
Consequently the instantaneous plate voltage rises. We see, then, that 
the polarity of the output-signal voltage from the grounded-grid amplifier 
is the same as that of the input-signal voltage. This result is opposite 
to that for the case where we apply the input signal to the grid of the tube. 

The grounded-grid-amplifier input-circuit impedance consists of the 
cathode resistor H kt in parallel with the dynamic impedance of the tube 
at its cathode terminal. Since this' input impedance is ordinarily quite 
low, the grounded-grid amplifier appreciably loads the signal source. 
Therefore the grounded-grid amplifier, used alone, proves unsuitable for 
many circuits in oscilloscopes. But, as we shall see later, we can often 
use the grounded-grid amplifier to advantage if we combine the grounded- 
grid amplifier with other circuits. Furthermore, grounded-grid amplifiers 
In some applications have advantages with respect co noise and other operat¬ 
ing characteristics. 


5-15 Cascode amplifier . Let us consider an interesting circuit called 
the cascode amplifier {Fig. 5-28), Here the cathode-to-plate circuits of 
two tubes operate In series. We apply the input signal co the grid of Vj. 
As a result, plate-current signal variations cake place In VJ and VJ. We 
cake the output-signal voltage from the plate of VJ. 

* 
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To analyze the circuit of Fig, 5-28 ( refer to Fig, 5-29, In Fig, 5-29, 
we apply a fixed grid-to-cathode bias voltage E c j to VJ t and we apply a 
higher fixed voltage to the grid of Suppose we s ec the V* plate- 

voltage control if for zero volts. Thus no plate current flows in (region 
A in Fig. 5-30). But electrons flow from the cathode of 1} to the plate 
of V lt thence from the cathode of to the grid of V* and to the positive- 
voltage supply that sets the Vg grid voltage E c2 > Region A in Fig. 5-30 
shows the corresponding grid current. 


If we now gradually slide the movable arm of Jf toward the right we raise 
the plate-supply voltage At some point during this plate-voltage rise, 

plate current begins to flow in V, % increasing the dc cathode-to-plate 
voltage drop across Vj. Thus the voltage at the cathode of lj £ rises--or, 
what is the same things an increasingly negative bias voltage develops 
rapidly between the grid and the cathode of ft. Therefore the grid current 
in Vg drops (region B in Fig. 5-30)* As the increasing plate-supply voltage 
tifrg raises the plate current, Vg behaves more and more in one sense 
like the long-tailed stage described in Fig, 5-26a. Thus the plate current 
in Vg depends less and less upon the value of so that the graph of 
V$ plate current versus £7^ flattens our (region C in Fig. 5-30). 


OUTPUT 


Fig, 5-28 Bask castiotf* amplifier. 


This flattened plate-characteristic curve corresponds to a very high 
dynamic plate resistance r pt much like that of a pentode (region D In Fig. 
5-31). Thus the cascode-ramplifier characteristics resemble the character- 
sties of a pentode amplifier--although we don't have to provide a screen- 
current supply. 


Furthermore, we can design cascode amplifiers so that they add only 
a small amount of noise to the signals they amplifyin contrast to the 
larger amounts of noise added by some other arrangements. 




5-16 Amplifier limitations . To get the best use from pulse amplifiers In 
our oscilloscopes and other equipment, we ought to have some understanding 
of the limitations of such amplifiers. Some of the items we shall mention 
are design limitations. Other items are application problems. If you find 
that some of the things we shall mention are causing problems for you, 
your Tektronix Field Engineer or Engineering Representative will be glad 
to try to suggest solutions. 


Va GRID, 

CURRENT 


PLATE-SUPRL.Y VOLTAGE 

Ft(f s-v At tow v t pirn TO it age* {Fig. 5-2*), V t plate current flows 
In the Vf cathode-to-grid circuit (region A here), At higher 
y f piAie vottagw, V* plate current scam. The resulting 
voltage-drop Increase icrcni« V t mafces the Vf cathode more 
positive--reducing v t grid current (region fir here*. Now Y f 
at FEg. operate lit* a long-tailed stage (Fig. 5-ihai, 

so that Vf plate-voltage changes fall to affect the plate current 
very much (region € here). 

1. Recovery time . Sometimes we'd like to use an oscilloscope to look at 
pulse that occurs shortly after a preceding pulse. We can get into unfore¬ 
sen difficulties in some cases, particularly if the pulse we want to see is 
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a small one and if the preceding pulse is very large* Our problems arise 
because amplifiers need a small amount of time to 11 recover 1 ' from the 
effects of one pulse before they can respond faithfully to a succeeding 
pulse* We should ask ourselves: Are we sure the pulse we are looking 
at is simply the one we want to see—or does the display also include some 
dying response to a previous pulse? An amplifier that is ac coupled t or 
that includes cathode- or screen-bypass capacitors, has a definite "recovery 
time constant" that must elapse before lower-frequency components of 
a large pulse die out* 


PLATE VOLTAGE 


Plate cur rent-place valuge ctiaracterldilca of a typical pentode t 
bhown far compariitan w)ih the characterI mUoi of a cwcode 
stage (Fig, 5-3G, #olld Hue). NoEe Eton in region O here, 
changes in the pentode piece voltage don't affect the plftte 
current very much (high plate resistance *p). Similarly for 
the cascade eiage [region C of Fig, 5-29}* Bui, although 
ihe cascade stages requires a second rube, it can u#e only 
crlodea if we wiidi—eUmWlng theecreen-eurrent re^uironeni. 


2, Ringing . Suppose that an amplifier has an amount of ringing that is 
entirely unobservable and unobjectionable under ordinary circumstances* 
If we drive the amplifier with a very large pulse t we might nevertheless 
induce a ringing (very small in percentage, but actually noticeable in amplitude) 
that persists Into the time interval occupied by a succeding pulse we're 
trying to observe. The effect is worsened if the pulse we want to see Is 
small--because we turn up the gain of the system so chat the small pulse 
is suitably amplified. The high resulting system gain then also results 
in our amplifying the ordinarily unobservable ringing following a previous 
large pulse* 

3, Pulse on a pulse * A problem somewhat related to the preceding one 
can appear when we try to look at a email pulse (say, of 1 volt amplitude) 
that rides on the top of a large pulse--say, of 100 volts amplitude* Recovery- 
time disturbances and transient ringing that ordinarily would be unnoticeable 
can cause us to think that the observed pulses are distorted. 

4, Compression * The characteristic curve of a tube is actually a curve* 
That is, the characteristic of every tube has at least a very small amount 
of curvature, regardless of where we place the tube operating point on 
the curve. Under some conditions, the tu pe -char act eristic graph might 
hP Birffic.lentlv curved to introduce noticeable waveform distortion. The 


amount of curvature (and therefore the amount of distortion) depends upon 
the operating point at which the tube works* 

In the case of a deflection amplifier in an oscilloscope, one of the things 
that establishes the operating point is the amount of positioning voltage t at 
we apply, by means of a positioning control, to locate the display suitably 
on the cathode-ray-tube screen. 

Thus distortion ordinarily takes the form of compression , in which the 
amount'of deflection caused by a given waveform voltage varies when we 
change the position of the display on the cathode-ray-tube screen. Under 
ordinary circumstances we can limit compiession to a negligible amount 
by selecting suitable tubes for use in deflection amplifiers. 

On the other hand, suppose we attempt to use a dc-coupled deflection 
amplifier to display a small varying signal that rides on top of a large dc 
voltage To displav this small signal varying voltage satisfactorily, we 
might have to increase the display amplitude by turning up the gain in the 
deflection system. But then large dc voltage that accompanies the signal 
is also greasy amplified. This large dc voltage from the signal circuit 
tends to deflect the trace far off the cathode-ray-tube screen-so that 
we have to apply considerable positioning voltage by means of the position¬ 
ing control to return the trace to the screen. Therefore, tubes on both sides 
of che push-pull deflection amplifier operate with large dc grid voltages, 
so that they actually work at unfavorable operating points on their character¬ 
istic curves* ■ Under such conditions, the resulting amplifier compression 
might become so severe that the desired signal is hardly displayed at all. 


bb 



Fm 5-32 Means of preventing eitesaive grid current that might other - 
wise now if inadvertently applied an ereesfclw pwntJvr 
du voirige to the Input of a dc-coupled amplifier. Any dc 
grid current c*u»w * voltage drop across K s . thereby reducing 
(he voltage that actually reaches the grid, in normal operation 
ji. might cautw an unwanted voltage drop when a varying 
signal voltage charges the unavoidable a mall capacitance erf 
the grid. To prevent iht* unwanted eHcd, C| hypaasM flj- 

5 Grid current. A full treatment of grid-cur rent problems is something 
we won’t attempt in this book. But a particular case is one where we might 
accidentally apply a large positive voltage to the input of an oscilloscope 
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whose vertical amplifier is dc coupled. Under these conditions ( an excessive 
grid current can flow In the amplifier input tube. Figure 5-32 shows a 
way of limiting the grid current under these circumstances. Any grid 
current causes a voltage drop across tfj. This voltage drop reduces the 
voltage that appears at the grid terminal. And, at the reduced grid voltage, 
the grid current is smaller chan as If Rj had not been inserted in the circuit. 

For rapidly changing input waveforms, the normal signal current in 
the grid-input capacitance causes a voltage drop across Ibis signal- 
voltage drop across R t reduces the signal voltage applied to the grid-- 
and the response of the stage to a rapidly changing signal is reduced. 
To avoid this loss of response to rapidly changing signals, we connect 
Cj across Rj. We make the capacitance of Cj large enough to represent 
essentially a short circuit to rapidly changing signals. 

6 Cathode-interface impedance . In an indirectly heated cathode, the 
electron-emitting material is coated on an inner metallic sleeve or tube. 
This metal sleeve is wired to the external cathode pin on the tube. Some¬ 
times an internal impedance appears at the junction or " interface" where 
the electron-emitting material joins the sleeve. We call this unwanted 
impedance a cathode-interface impedance . Electrically, this interface 
impedance resembles an RC combination (or sometimes a complicated 
resistive-capacitive network) connected in series with the cathode load 
inside the tube. 



Fig* 5-13 Typical averstool in displayed square wave that result* *!iw 

vertical-unfittftfcr Tubes have unwanted cathode-interlace 

impedance. 

Cathode-interface impedance can distort the pulse response of a circuit. 
For example, suppose we apply a square wave to the vertical input of an 
oscilloscope where cathode-Interface impedance exists in the vertical 
amplifier tubes. The displayed waveform might then show overshoot (Fig, 
5-33). The amount and duration of this overshoot depends upon the nature 
of the interface impedance in the individual tubes. The remedy is to identify 
and replace the offending tubes. 
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The severity of the cathode-interface-impedance problem varies with 
the tube type, and also varies from, one tube manufacturer to another. 
The severity of this problem also varies from one individual tube to another. 
Furthermore, this problem often grows as the tubes age in service.* 



Fig. 5-54 Distortion in the output waveform from the Type 103 Square- 
Wave Generator resulting from cathode-Interface Impedance 
when the output tubes in the generator are old. Square-wave f 
repetition rate. I me.) aweep T1ME/DIV., 0-4 f*S£C/DIV. 


7. Dc shift . To achieve the amplifier performance that we sometimes 
need, we use high-plate-current pentodes in certain amplifier stages. 
Sometimes these tubes display a defect that we call dc shift . 

■r 

Suppose that, at some instant A, we apply a positive-going voltage step 
to the input grid of the tube (Fig. 5-35a)* As a result, the plate current 
rises abruptly. But a tube afflicted with dc shift cannot quite maintain the 
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Fig, 5-35 An input voltage step that 

we can apply to check for the 
presence of dc shift In an 
amplifier tube, 

(b) PI ate-cur rent variation* 
^ that occ u t when t he ampil f1 er 

tube has unwanted dr shift. 
At Inaiant A , the positive- 
going input voltage at the 
grid raises the plate cur¬ 
rent to * new high value. 
But during the following 
interval of several seconds, 
’the plate current gradually 
falls off. 


*As an individual example, if the output tubes in the Tektronix Type 105 
Square-Wave Generator have been used for a long time, then these tubes 
can develop cathode-interface impedance. In this generator, the result 
Is a jagged appearance along the early part of the lower or negative portion 
of the output waveform (Fig. 5-34)* If you use only the rising edge and 
the flat top of the square wave in your tests and measurements, you can 
neglect this waveform distortion. But if you need to observe the trailing 
edge and the flat bottom of the waveform,you should replace the output tubes. 
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new larger value of plate current; instead ( the plate current ,T droops' 1 
a few percent during an interval of several seconds following the step 
input (Fig. 5-35b).* 

Here's one way to check an oscilloscope vertical amplifier for dc shift. 
First, free-run the time-base system (turn the STABILITY control full 
right). Set the T1ME/DIV (or TIME/CM) control for a moderate sweep rate 
such as 1 millisecond per division. Position the resulting horizontal trace 
near the bottom graticule line. Set the vertical-input AC -DC switch to DC, 
Suddenly apply to the vertical-Input connector a battery voltage (for example, 
from the test leads of an ohmmecer) sufficient to move the trace to a new 
position near the top graticule line. At the same time and for at least 
5 or 10 seconds afterward, observe carefully whether the trace falls slightly 
on the graticule. Remove the battery connection. Repeat the check a few 
times. 

To reduce or eliminate dc shift, we can (a) try various individual cubes, 
or (b) adjust the DC SHIFT COMP, control that is included in some oscillo¬ 
scopes, (The DC SHLFT COMP, control is part of a long-time-constant 
RC circuit that introduces a drift opposite to the drift caused by the dc 
shift in the tubes. Figure 5-36 shows one form of such a circuit.) 
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♦Tube sources don't agree on the cause. Possible dc-shift explanations 
that have been advanced are (a) some defect whereby the cathode emitting 
material can't maintain the new higher required emission ( (b) accumulation 
of an electron cloud in some region between the tube elements, and (c) 
a change in screen-grid geometry with temperature (the screen current 
rises along with the plate current). Perhaps the fault actually involves 
some combination of these and possibly other causes. 
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The cathode follower is a circuit related to the familiar plate- loaded 
amplifier > In the plate-loaded amplifier the load resistance ffy Is connected 
in the plate lead to the tube. But in the cathode follower, shown in Fig* 
6-1, the load resistance R k is connected in the cathode lead to the tube. 
Useful characteristics of the cathode follower include these: 


1* The grid-input capacitance is small 


2. And the internal output impedance is small. 


Bask- cathode-foltower cir¬ 
cuit. Here the load resistor 
is connected in cue 
cathode c Lrcu.iL, rarher thin 
In [htr ptjtc circuit ns m 
ihe pLue-JcMcl«J amplifier. 


INPUT 


(large) 


OUTPUT 


In this chapter we shall take up these and other cathode-follower character¬ 
istics in more detail* But first, let's consider some cases where we can 
take advantage of the two characteristics we have mentioned above. 



Fig. t-1 Mere a Signal source n<i# 
in internal i tiLpeiJ#TK e ft#. 
The source drives a cnuult 
whose input capacitance ^ 
C im . if the time ctmetont 
ftc of thiaijrrdrtgemctiT is 
then the rUetime of 
the com hi nit ion ta short. 
Out way to keep the lime 
constant small U to make 
C tm very small- Then trie 
risecime is aition even if 
it reUuveJy 


6-1 Need for a device having a small inpur capacitance * Suppose we apply 
an input signal to a device whose input capacitance is C|tj* And suppose 
that the source of the signal voltage has an internal output impedance 


(resistance) R 0 (see Fig. 6-2). For simplicity, assume that C in and R 0 are 
the only impedances present in the source or in the circuit connected to 
the source. Then the time constant of the source-and-input circuit will 
be K 0 C in (Sec. 2-5 to 2-8), 

If we can keep the input capacitance (q n very small, then the time constant 
wilt be small- -even though R a might be quite large. And consequently 
the risetime (Sec. 2-9) of the R 0 C in circuit will be short. 

The input capacitance r tTl of a cathode follower is small, for reasons 
that will be explained later. Consequently the cathode follower has the 
advantage that we can connect the cathode-follower input circuit to a signal 
source without greatly lengthening the risetime of the source itself. 
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- le v ice having a small internal output impedance . Suppose 
a' signal sew^ has an output impedance (resistance) R*a that is very small* 
Imagine that we use this signal source to apply a signal voltage to another 
device whose input capacitance us c' in {see Fig. 6-3)* For simplicity, assume 
that C*j n and R' 0 are the only impedances present in the source or In the circuit 
connected to the source* Then the time constant of the source-and-input 
circuit will be Ji qC \ n . 

If we can keep the source impedance fl T 0 very small, then the time constant 
H ' 0 c' in will be small--even though c\ n might bo quite large. And consequently 
the risetime of the r'qC* i n circuit will be short. 

The internal output impedance of a cathode follower is small, for reasons 
that will be explained later* Consequently the cathode follower has the 
advantage that we can use the cathode follower to drive a device that has 
appreciable input capacitance while still achieving a short risetime. As 
an example, we might use a cathode follower to drive a coaxial transmission 
line-- where the capacitive effect of the line is appreciable--and still preserve 
a short-risedme characteristic* 
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Figure 6-4 shows an application that utilizes the advantages of both the 
small input capacitance and the small output impedance of the cathode 
follower. We desire to couple a rapidly changing signal from the plate of 
V to the grid of V 3 . In Fig. 6-4, we apply the output signal from the plate 
of V i to the grid of the cathode follower V 2 . The internal source impedance 
of the amplifier stage that includes V, is ordinarily rather large (Sec. 5-2). 



Fig. 6-4 Here we want to apply a signal from the plate circuit of V t 
(representing a relatively large impedance R*) to the grid 
circuit of Vj (representing a relatively large capacitance C\ n ). 

If we couple the plate of V, directly to the grid of , the 
corresponding coupling-circuit time constant is a large value 
But if we insen the cathode follower V* as shown, 
we now have two coupl’ing-circuit time constants in cascade. 

The first time constant is R<,C int where C, m is the very small 
input capacitance to the cathode-follower; thus, as indicated 
in Fig. 6-2, this first time constant is relatively small. The 
second time constant is Cwhere R' 0 is the very small 
output impedance of the cathode follower; thus, as indicated 
in Fig. 6-3, this second time constant is relatively small. By 
inserting the cathode follower we thus break up a large time 
* constant R 0 C\ n into two much smaller time constants R 0 C xn 

and R' 0 C 'In this way we use the cathode follower to Improve 
the coupling-circuit risetime. 

But the input capacitance of the cathode follower V 2 is small, so that we 
end up with only a short risetime T Rl associated with the circuit that couples 
the plate of V; to the grid of V 2 . Now, the input capacitance of the amplifier 
stage that includes V s is ordinarily rather large. But we drive the grid 
of V 3 from the low-impedance output circuit of the cathode follower V 2 . 
Thus we end up with only a short risetime T Ru ^ associated with the circuit 
that couples the output of V 2 to the grid of V^. The effective risetime 
of the cathode-follower coupling system between V t and V 3 will, by Eq. 2-6, 
be shorter than the sum of the two individual risetimes T Rl and T Rr 

We see, then, that we can often shorten the risetime of an interstage¬ 
coupling system by inserting a cathode follower between one stage and 
the next. 

6-3 Polarity of output signal from a cathode f ollower . Let us now consider 
some factors that tell us how a cathode follower actually operates. 

If we apply to the cathode-follower circuit of Fig. 6-5 a grid-input signal 
that makes the grid more positive, the cathode-to-plate electron flow will 
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increase. Therefore the voltage drop across the cathode resistor R k will 
increase, so that the voltage at the cathode of the tube will be farther 
removed from the potential of the grounded negative terminal of the power 
supply. That is, the voltage at the cathode output terminal of the cathode- 
follower stage will become more positive. Thus, in contrast to the action 
in the plate-loaded amplifier, the polarity of the output signal from the 
cathode follower is the same as the polarity, of the input signal. 








terminals, is made up of the tube impedance in parallel with the cathode 
resistor K k . 



Fig. 6-6 Illustrating that the internal output impedance of a cathode 
follower is small. A given cathode current makes the volt¬ 
meter V snow a certain dc output voltage (the/tt voltage drop 
across R^). If we connect the external load if, we thereby 
reduce the total resistance in the cathode output circuit. Thus 
we might at first expect the voltmeter to show a sharply reduced 
output-circuit 1R voltage drop. But this voltage drop is also 
the negative dc grid-to-cathode bias voltage--so that the tube 
allows a greater cathode current to flow. Therefore the new 
output voltage is the IR voltage drop produced by a larger 
current in a smaller total resistance. As a ’result, this new 
output voltage isn't much less than the original voltmeter read¬ 
ing. The fact that the output voltage changes only a little when 
we connect the load R shows that the internal source impedance 
of the cathode follower is small. 

The impedance of the tube itself, at its cathode rerminal, can be shown 
to be approximately 1 /g (where g m is the mutual conductance of the tube 
in mhos). But the value of g m of a given tube depends upon the operating 
point at which the tube works. Suppose, for example, that we use a tube 
whose plate current-grid voltage characteristic is that shown in Fig. 6-8. 
For this particular tube, the operating point is that shown as point A in 
Fig. 6-8 when the tube is used as indicated in Fig. 6-7. The slope of the 
tangent line to the characteristic curve at the operating point _A shows that 
o m is 12,500 micromhos (= 0.0125 mho). Then the impedance of the tube, 
at its cathode terminal, is approximately 1/0.0125 - 80 ohms. Since the 
cathode resistor is also 80 ohms p the effective internal output impedance 
of the cathode-follower stage of Fig. 6-7 is about 40 ohms. 


6-5 Voltage gain . You will recall that in a plate-coupled amplifier stage, 
the varying output signal voltage may well be several times the varying 
input signal voltage. That is, a plate-coupled amplifier stage may have 
a voltage gain of several times. But the voltage gain of the cathode follower 
cannot be as great as unity . In other words, the varying output signal voltage 
cannot be as great as the varying input signal voltage. This result springs 
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from the fact that the cathode electron flow for a given plate voltage is 

controlled essentially by the grid-to-cathode voltage Suppose, for example 
that an input grid-to-ground signal-voltage change of + 2 volts c£uld change 
the electron flow sufficiently to vary the cathode-to-ground voltage by + 2 
vohs ^responding to a voltage gain of unity). But this change wou d 
involve no net change in grid-to-cathode voltage; therefore there would 
be no net change in electron flow-an absurdity. Thus the voltage gain of 
the cathode follower cannot be as great as unity. 

Clearly then the cathode follower is not useful directly in providing 
voltage gain. Bilt as we have seen, the cathode follower can be very useful 
in improving the risetime characteristics of c'rcuits that actually do produce 
voltage gain. 



F ,a. 6-7 The Inicnrtl source Impedance of ^cathode-follower auge 
Includes the cathode resistor R k . But for a varying signal, 
the cathode-to-plate dynamic impedance of the tube is con^ 
nected (through the power supply) in parallel with R k . This 
tube impedance is roughly 1/ V . and 18 therefore often quite 
low. For example, if the tube has the characteristic curve 
of Fig 6-8 its cathode-to-plate impedance la about 80 ohms. 

With such a tube the cathode-follower stage of Fig. 6-7 would 
have an internal source impedance of only about 40 ohms. 

The voltage gain of a cathode-follower stage depends both upon the char¬ 
acteristics of the tube and .upon the value of the cathode resistor R k . When 
H. Is equal to the Internal output impedance of the tube Itself (approximately 
l/o where i„ is in mhos), the gain of the stage is approximately one-half. 
Thus' with values shown in Fig. 6-7, we realize an output of about one- 
half ’volt for each volt of input grid-to-ground signal. If we use greater 
values of R k , we can make the gain of the stage appreciably greater. We 

can make the voltage gain reach values between 0.9 and 0.99 by using 
large values of 

Since the output signal from a cathode follower has the same polarity 
as the input signal, and since the output signal can be made almost as large 
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as the input signal, we can consider that the output signal approximately 
duplicates the input signal. Hence the name cathode follow er. 


6-6 Input capacitance. The input capacitance of a cathode follower consists 
essentially of the elects of (1) the grid-to-cathode capacitance of tub 
and (2) the grid-to-plate capacitance of the tube (see Fig. 0-9). 



Flg . 6-8 As.umc that thl. curve ft* “TSSf US 

U.eU mtuurtdM Z c.hod. pm. Flr.« "o,e .h.. the W-ohm 
.!! ,™utor Kl in Flu. 6-7 eulxbliiihe. the lube operating 

sSS&KlKaws-S 

grid-to-cathode bias corresponding to point A\). N« • 
fhe mutual conthicanc. <X .he lube al operating pomi A ^r. 
a straight tangent line to the curve at point A We * w * 
tangent line Intercept. a baae Interval CO rr liuun pe rca 
volu and a vertical interval correapondlng to JO tmmampere. 

/n n? amDere) Thus at operating point A. the mutual conductance 

, o 02/1.6 - 0 0125 mho. Since the tube Internal Impedance 
IT the cathode pin I. approximately 1/ V . «•* who «! 

charactenatlc^urve I. tfZn. In Fig. 6-8 ha. an internal aource 
Impedance of about 1/0.0125 - M0 ohm*. 


To observe the effect of the grid-to-cathode 
thar r L is 2 Dicofarads and that the voltage gain of the stage is 0.9. 11 

C f But this' 0.1-volt change across the 2-picofarad capacitance C„ 
f?*' the charge in coulombs exactly as much as a 1 -volt change (the 
:5 Sla C S5) ‘cro,. . capacitance of only 0.2 picofarad. Therefore 
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the actual grid-to-cathode capacitance (2 picofarads) loads the source only 
as much as if C lk were a grid-to-ground capacitance of only 0.2 picofarad. 

The grid-to-plate capacitance C tp in Fig. 6-9 presents a simple shunt 
capacitance across the input terminals, since the power supply is a short 
circuit to signal variations. 


+ 



•Fig 6-9 Illustrating that the input capacitance of a cathode-follower 
stage is small. If we apply a given grid-input voltage change, 
this input signal causes the cathode output voltage to change 
in the same direction. Since the voltage gam of the stage ts 
commonly between 0.5 and 0.99, the new grid-to-cathode vol¬ 
tage (with the input signal applied) isn’t much different from 
the original grid-to-cathode bias voltage that existed before 
we applied the signal. Since we haven’t changed the voltage 
across the grid-to-cathode capacitance very much this 

capacitance hasn't required much charging current. And there¬ 
fore C ak causes relatively little loafllng effect on the source. 
(As far as the grid-to-plate capacitance C fP is concerned, 
q acts simply as a shunting grid-to-ground capacitance since 
the positive power supply arts as a short circuit to a.gnal 
variations.) Tie resulting total input capacitance is considerably 
less than for a plate-loaded amplifier using a similar tube 
(see Sec. 5-3). 


Thus as far as the signal source is concerned, the input terminals^ 
the cathode follower rep r esent a capacitance equal . to a fraction of t jjg 
rated grid-to-cathode c apacitance of the tube--plus the rated grid- _i 
plate capacitance. The input capacitahce of a plate-loaded amplifier (Sec. 
5-3) is ordina rily considerably greater than the input capacitance of the 
cathode follower. We can make the effective input capacitance of the cathode 


follower even smaller by increasing R k so that the voltage gain of the stage 
approaches unity. 


6 -7 Cathode-follower probes . Suppose we are using an oscilloscope to look 
at a waveform developed by a certain source. As we have learned (Sec. 4-1) 
the vertical-input circuit of the oscilloscope causes a certain amount of 
resistive and capacitive loading on the source. Unless the internal impedance 
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Of the source is low, this loading might ( 1 ) distort the waveform, or (2) 
reduce the amplitude of the waveform, or both. 

We can use a voltage-divider probe (Sec. 4-2) to reduce the loading and 
thus reduce the waveform distortion. But the voltage-divider probe also 
attenuates the signal we want to display. Consequently, if the signal is 
already "small the voltage-divider probe can attenuate the signal to a 
pS liTu'no longer produce, , ueelo. dMpUr. TW™ 
divider probe might not fill the bill when we need to look at a small wave- 
form from a high-impedance source. 

What we need for such purposes is a probe that (1) loads the source only 
lightly but still (2) has a voltage gain as close as possible to umty^ 
can make such a probe by placing a cathode follower e ^ 

The small input capacitance of the cathode follower puts only a Ught load 
on the source. But the voltage gain in the cathode follower can readily be 
between 0.5 and unity. 

In Table 6-1 we compare the loading effects and the voltage gams that 
we mS! get <1> when we use a typical voltage-divider probe, and (2) when 
we use a typical cathode-follower probe. 

Table 6-1 


Loading effect 


Typical voltage- 10 megohms 

divider probe H*5 picofarads 

Typical cathode- 40 megohms 

follower probe 4 picofarads 0.8-u.#o 

From this comparison, we might at first imagine that we should forget 
about the voltage-divider probe and simply use the cathode-follower probe 
to?all our waveform observations. But there are some other considerations, 
including these: 

1 A cathode-follower probe can readily be overloaded by large input 
signals. This overloading causes waveform distortion. (For example one 
tvDe of cathode-follower probe introduces about 3 percent amplitude dis¬ 
tortion when the input voltage exceeds about 5 volts. Some other cath e- 
follower probes can accommodate only much smaller input voltages.) 

2 Attenuators are available that can be attached to the nose of the 
cathode-follower probe, for signals larger than those the probe can handle 
directly. (These attenuators affect both the input impedance and the frequency 
response of the probe.) 

3 If an uninformed worker uses a cathode-follower probe in such a 
way that the probe is overloaded-as discussed above--he can get readings 
or waveforms that are very misleading. 


Voltage gain 


0.1 (10X attenuation) 


0.8-0.85 
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4 Suppose we connect the cathode-follower-probe input to a waveform 
source whose internal impedance is inductive at some frequency. Then 
the cathode-follower-probe input impedance drops--perhaps sufficiently to 
change the amplitude or shape of the displayed waveform. (If the Q of the 
- md-probe circuit is high, the probe-input Impedance can actually 
Decon. e at some frequency so that the cathode-follower-probe 

circuit oscillates.) See your probe Instruction Manual or consult your 
Field Engineer. 

5. The cathode-follower probe costs significantly more than the voltage- 
divider probe. Furthermore, the cathode-follower probe requires a stable, 
low-ripple power supply that is external to the probe. (Probe power supplies 
are available. Some oscilloscope types include probe-power connections.) 

6. If the tube needs replacing in a cathode-follower probe?, the new tube 
should be carefully selected and installed at the factory or by a technician 
trained in such work. 



Ftg 6-10 Means of Increasing the apparent value of the grid resistor 
r in a cathode follower, to reduce the shunt loading effect 
o! the signal source. R kJ and R ki act as a voltage divider, 
applying most of the outpm-signal voltage to the lower terminal 
of the grid-return resistor R g . Since the output-signal voltage 
at the cathode terminal is nearly as great as the input-signal 
voltage, only a small pan of the signal voltage appears across 
R In Fig. 6-10, the resulting signal current in R § is so small 
that this 12-megohm resistor appears to the input-signal source 
as if it were a 40-megohm resistance between the input terminals. 


Tf you think a cathode-follower probe will help you, ask your Tektronix 
A or Representative to help you select the probe and apply 

it to your 
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6-8 A method of increasing apparent input resistance. In order to reduce 
the loading on the signal source, we often want to make the resistive com¬ 
ponent of the input impedance of a stage very large. To accomplish this 
result, we might make the grid resistor Rg very large. But tube manufacturers 
often specify a maximum value of Rg that we should not exceed. This maximum 
value of H 0 is based principally on grid-current considerations. A typical 
recommended maximum value for Hg is 1 megohm. 

When we use a cathode resistor to obtain the negative grid-to-cathode 
bias voltage--as in the case of cathode followers and of many plate-loaded 
amplifiers--the upper limit for Rg is not so critical. (The tendency for 
grid current in Rg to make the dc plate curent unstable is largely balanced 
out, since a change in plate current causes a change of bias voltage developed 
across the cathode resistor--and this bias-voltage change is in a direction 
that tends to bring the plate current back to its original value.) However, 
even with cathode-resistor bias, we cannot expect the tube to operate 
reliably in every case when we use indiscriminately large values of grid 
resistance Rg . 

A circuit like that of Fig. 6-10 can make the apparent grid-input-circuit 
resistance of a cathode follower very large--considerably larger than the 
actual value of Rg. In the figure, the actual value of Rg is 12 megohms. 
But the apparent resistance 6een by a source that drives the grid circuit 
is about 40 megohms. Let us see how the circuit of Fig. 6-10 accomplishes 
this increase in apparent input resistance. 

Suppose, for example, that we apply an input signal voltage of +1 volt 
to terminals 1 and 2 of the circuit of Fig. 6-10. Assume that the gain of 
the cathode follower is, say, 0.83. Then the output signal voltage that 
appears across terminals 3 and 4 will be 0.83 volt. Because of the voltage- 
divider action of the series cathode resistors «k> and Rf lj9 only a part of 
this output-signal voltage will appear at the Junction of H kJ and R k ,. In 
fact, since R kJ *• 180 ohms and R kJ -1,000 ohms, the signal voltage at the 
junction of these two resistors will be 1,000/1,180 times the output-signal 
voltage of 0.83 volt. Thus the signal voltage at the junction of R kJ and 
R ki is about 0.7 volt. 

Since the signal voltage at the lower end of Rg is 0.7 volt, and the signal 
voltage at the upper end of Rg is 1 volt, the signal voltage across Rg is 
only 0.3 volt. The resulting signal current in Rg is, by Ohm's law, equal 
to 0.3/12,000,000 ampere, or 0.025 microampere. 

Thus the Input circuit takes a signal current of 0.025 microampere when 
the source signal voltage is 1 volt. By Ohm's law, the apparent resistance 
of the input circuit is 1/0.000,000,025 ohms or 40 megohms. This increase 
in apparent grid-input-circuit resistance occurs simply because we connected 
the lower end of Rg to the Junction of the two series cathode resistors 
rather than to ground. We should note, however, that there is a certain 
sacrifice in the voltage gain as compared to the gain we would get with 
the lower end of Rg grounded. 

The circuit of Fig. 6-10 is actually used in some cathode-follower probes. 
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6-9 Bootstrap capacitor. Figure 6-11 shows a plate-loaded amplifier 
V, that supplies a varying signal voltage to the grid-input circuit of a 
cathode-follower tube V 2 . As we have already learned (Secs. 2-5 to 2-9) 
there will exist an unavoidable shunt capacitance C p at the plate of the 
amplifier tube V t . And the KC circuit composed of the plate-load resistor 
R l and the shunt capacitance C p might cause the risetime of the circuit to 
be longer than we can tolerate. 


Fig. 6-11 Here « plate-loaded ampli¬ 
fier V, drive* the input of 
a cathode follower V§. The 
plate-to-ground capacitance 
of Vj (plus the small input 
capacitance of Vj) ia repre¬ 
sented by C p . The rtsetime 
of the coupling circuit 
between V, and V* is deter¬ 
mined by the time constant 

\ C P‘ 



If for example we apply a negative-going Input-voltage step (instant 
Fie.’ 6-12) to the grid of V,. the plate current will be abruptly reduced. 

And the signal voltage at the plate of Vj will rise according to a curve 
like Fig. 6-12b, as we learned in Sec. 2-8. 



Fig. 6-12 (a) An example of a grid- 

input signal voltage that we 
can apply to V, in Fig. 6-11 
to observe the effect upon the 
output signal of thetimecon- 
u stant \C 9 In Fig. 6-11. 

(b) V, plate signal voltage 
applied to the grid of V, in 
Fig. 6 11 when we apply to 
the grid of V, the waveform 
of diagram a. (See Sec. 2-8.) 

(c) Faster response of the 
coupling circuit between V, 
and V t to the input signal of 
diagram a, achiev«J by the 
hypothetical method of Fig. 
6-13 or by the practical 
method of Fig. 6-14. 


We can use peaking or compensating circuits (Sec. 5-4 to 5-7) to shorten 
the risetime. But another approach to shortening the risetime is shown 
in Fig 6-13. Here the upper end of the plate-load resistor R h is connected 




to the movable contact of a variable voltage divider R. Suppose we could 
provide some way by which the movable contact would automatically move 
toward the positive end of R when the signal voltage at the plate of Vj 
tended to rise. If we could make this provision, then the stored charge 
in C p would be more quickly altered so that the signal voltage at the 
plate of Vj could rise more rapidly. 


+ 



Fig. 6-13 A hypothetical way to improve the speed of the response of 
the coupling circuit between Vj and V t in Fig. 6-11. Here 
we apply the waveform of Fig. 6-12a to the grid of Vj ■ And 
we assume that we can provide some way by which a voltage 
rise at the plate of Vj moves the variable contact on R upward. 

The resulting voltage rise at the upper end of helps to 
charge f p while the input waveform changes. Thus the voltage 
at the plate of V; can change more rapidly , as indicated in 
Fig. 6-l2c. 

We cannot of course, provide the mechanical arrangement just suggested-- 
except possibly for signals that change quite slowly. But a system that 
operates in somewhat the same way can be arranged electronically, as 

follows. 

Figure 6-14 shows a small capacitance C b connected between the cathode 
output terminal of the cathode follower V* and a tap on the plate-load resistor 
r, When the signal output voltage at the plate of V, begins to rise, this 
voltage rise is applied to the grid of V*. And the signal-voltage rise appears 
only slightly diminished at the cathode output terminal of V*. The same 
signal-voltage rise is coupled through C b to the tap on R L , so that the 
voltage at the tap rises more rapidly than it would if the circuit through 
Cl were absent. Thus electrons are drawn away from C p more rapidly than 
thev would if Cl were absent. The action continues during the plate-voltage 
rise of V, —each Increase in plate voltage causing a corresponding rise 
in voltage at the tap on R L so that electrons can be drawn rapidly away 
from C b . The corresponding output-voltage waveform at the plate of Vj is 
therefore like that of Fig. 6-12c. 
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In thus improving the risetime of the response to a step-voltage input, 
we have also made the circuit of Fig. 6-14 capable of responding to other 
rapidly changing waveforms. Inasmuch as this improvement is actually 
intended to affect only waveforms that change rapidly, we make C b small 
enough that its coupling action is negligible for slowly changing waveform^ 
We can refer to C b as a bootstrap capacitor. It is, in general, necessary 
to select the value of C b and the tap point on R L so that optimum results 
are obtained. 

+ 



Fig. 6-14 A practical way to achieve the result we considered in Fig. 

6-13 Here the V. grid-input signal of Fig. 6-12a makes the 
voltage at the plate of V, rise. By cathode-follower action, 
V> couples this voltage rise to the cathode of V> ihejxjos.- 
K ,rup capacitor C k applies this voltage rise to the tap on the 
plate-load resistor R L , helping to change C, more rapidly. 
Therefore In response to the input waveform of l lg. 6-12 , 
the voltage at the plate of Vj can change relatively rapidly as 
indicated in Fig. 6-12c. 
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Chapter 7 

CIRCUITS BASED ON THE CATHODE FOLLOWER 

In this chapter we take up some circuits whose operation depends on 
the cathode-follower principles we learned in Chap. 6. 


7-1 Cathode -coupled amplifiers. Figure 7-1 shows a circuit where we 
apply the input signal to the grid of a cathode follower V 2 , We use the output 
signal from the cathode of V} todrive the input cathode terminal of a grounded - 
grid amplifier V 2 (Sec, 5-14), We take the output signal from the plate 

Of V*. 



Fig 7„i A taifrxie-coijpltti amplifier. We uae Vj a* ■ c»(Jvt*lc luUi>w« 
(Sec, t>-3) io drive v ( operates at a grounded-grid amplifier 
dea^rilKsd In Sec. 5-14. The cathode folio* er has a voltage 
gain somewhat lesa chan one. Thereto re the over all voiiage 
Jain in Fig. 7-1 in .somewhat lens than the voltage gain of the 
•a rounded -grid amplifier V* alone. And neither the cathode 
follower nor the grounded-grid amplifier invert* the sign*!. 
Therefore the polarity of the output waveform In Fig. 7-1 l< 
the same as that of the in^it waveform. 


As we have learned, the Input impedance at the cathode terminal of tj is 
low. But the signal we apply to the cathode terminal of Vj comes from the 
cathode follower V 2 , And a cathode follower ordinarily has a low internal 
impedance--eo that the cathode follower Vi is a suitable source for driving 
the low input impedance of the grounded-grid amplifier Vj, 

In practice we usually combine the cathode resistor R kl associated with 
y and the cathode resistor R k2 associated with V 2 . This arrangement 
is shown in Fig. 7“2, where a single cathode resistor has a value equal 
to the equivalent resistance or R kl and R kI in parallel. We refer to the 
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circuit of Fig, 7-2 as a cathode-coupled amplifier,* Let's consider some 
of the interesting characteristics of the cathode-coupled amplifier, 

1, The input capacitance at the grid of is small (Sec. 6-6). 


2 The polarity of the output signal from the cathode follower V j is the 
as that of the input signal (Sec. 6-3). And the polarity of the output 
Sl ^ ^ - '-om the grounded-grid amplifier is the same as that 


of the sigi — voltage applied to the cathode of Vj (Sec. 5-14), Therefore 
the polarity of the output signal voltage at the plate of Vj is the same as 
that of the Input signal voltage applied to the grid of V}. 


3 Let's estimate the voltage gain of the circuit of Fig. 7-2. (For simplicity, 
assume (a) that VJ and Vj are identical, (b) that these tubes operate at the 
same no-signal grid and plate voltages, and (c) that R^ is small compared 
with the plate resistance fp of K>. Then the input impedance at the cathode of 
y is about the same as the internal output impedance at the cathode 
of V, ) Now suppose that we apply a + 1 -volt signal to the grid of Vj. If 
Vj worked into an open circuit (that is, if the cathode circuit of Vj were 
disconnected) then the output signal at the cathode of V 2 would be nearly 
+ 1 volt Now**we connect the Vj cathode circuit to the Vj cathode, in effect 
we load a source (the cathode circuit of Vjjwith an impedance (the cathode 

... * ... _ r ___Tn diirh a rh P 


circuit of Vj) equal to the impedance of the source. In such a case, the 
source output voltage drops to one-half its open-circuit value. Thus the 
signal vo 1 e age we actually apply to the cathode of Vj ie about 1/2 volt. 
Therefore the voltage gain of the circuit of Fig. 7-2 is about one-half 
the gain of Vj operating alone . + 




Fist 7-2 The c «hode-copied amplifier of Fig. 7-1. rearranged io use 

8 only a single rommofi cathode realtor Iji Fig. 7-2 we use 

* value of JR* equal to the equivalent parallel resistance of H kl 

and fl 4jf In Fig. 7-1- 


• The term cathode -coupled amplifier has also been applied to the cathode 
follower itself. But in this book we reserve the term cathode-coupled 
^plifler for circuits like that of Fig- 7-2* 
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7-2 Voltage comparators. When we apply a fixed voltage to the grid of 
in Fig, 7-2 p and apply a varying voltage to the grid of V lt we have in 
effect a voltage comparator (or amplitude comparator). That is ( the output 
voltage at the V 1 plate indicates voltage variations at the V } grid relative 
to the fixed grid voltage. 


FROM 

|l£CTlFLfcft 
(MO [It THAN 
iao VOLTS) 


OUTpOT VOLTA** fc- 
TO UOAO 

0&O volts) 


An application 0* the cathoJe-Coupled amplifier as a voltage 
comparator In a r«£ul«ed power supply, am described m the text. 


Let us consider some uses that we can make of the voltage comparator 


7.3 Regulated power supply. An application of the voltage comparator 
7^ shown in the simplified power-supply regulating circuit of Fig. 7-3. 
The supply is intended to develop a fixed voltage of 150 volts between 
its output terminals. The regulating circuit of Fig. 7-3 is intended to 
minimize the effects of line-voltage or load-current variations, as far 
as the amount of output voltage is concerned. 


across the series-regulating tube V s brings the power-supply output voltage 
down to 150 volts and holds the output voltage at that value. Let us see 
how this regulating action occurs. 

The voltage-reference tube V s operates in such a way that it normally 
maintains some fixed voltage drop between Its terminals, in the case 
shown, V 3 maintains a voltage of 87 volts between its terminals. Thus, 
even if the power-supply output voltage changes, the voltage between the 
V] grid and the positive regulator-circuit output terminal remains at 
87 volts. 


The voltage comparator circuit consists of Vj and V g . The purpose of 

this comparator circuit is to sense any deviations between the actual regulator- 

circuit output voltage and the rated output voltage of 150 volts To study 
the operation of the comparator in this application . suppose that the power- 
supply output voltage tends to change-either because of a line-voltage 
change or because of an output load-current change. For example, suppos 
the output voltage tends to change to 151 volts. We remember that V3 
holds the V, grid at a fixed 87-volt potential difference from the positive 
regulator-circuit output terminal. But since the power-supply output voltage 
tends to increase to 151 volts, the pocentialat the grid of V, tends to increase 
by 1 volt with respect to the negative power-supply output terminal As 
in the caShode-coupled amplifier (Sec. 7-1), the cathode of V, couples about 
one-half of this 1-volt change to the cathode of v 3 , Thus the cathodes . 
of ij and tend to become about 1/2 volt more positive wigh reference 
to the negative power-supply output terminal. 

Imagine for the time being that we hold the grid of V s at some fixed dc 
voltage with respect to the negative power-supply output t^mlnal 
of connecting the grid of L as shown in the figure). Then when the cath _ 
of V, and V**’become 1/2 volt more positive as just described, the V g plate 
voltage increases by a much greater amount--determined by the V s voltage 
gain. This voltage increase reaches the grid of the amplifier 1- 
result a still greater voltage change appears at the plate of y-this time 
a change in the negative direction. Thus the grid of the series-regulator 
tube U becomes more negative, so that the voltage drop is increase 
between the plate and the cathode of V£. As a result, the regulated-tireu 
output voltage drops back to almost Its original value of loQ volts. 

In' the actual power supply, we note that the grid of U> is connected to 
an adjustable tap on K,-instead of to some fixed-voltage source as we have 

- -ssumed. Thus when the output voltage tends to increase to 151 vo 
a od voltage of V, cor responding^ rises 1/2 volt, the .V 2 grid 

voltage at. acreages. The“ amount of increase in the V, grid voltage 
is a fraction of the full 1-volt regulator-circuit output -voltage increase— 
determined by the vohage-diVision ratio of This increase in the g 

grid voltage counteracts the desirable effect of the change in V* cathode 
voltage so that the effective voltage gain of li is reduced. But the succeeding 
amplifier ij readily makes up for this reduction in voltage gam. 

Furthermore the connection of the grid of y* to the tap on R; serves 
a useful purpose. This connection enables us to set the normal ojperatlng 
points of VJ and V, so that the power-supply output voltage Is held at loO 
volts rather chan at some other neighboring voltage. 

In using a power supply like the one we just considered, we could ground 
either the native or the positive output terminal without af ecting the 
operation we have studied. Many oscilloscopes use the circuit of Fig 7-3, 
with modifications, as a -150 -volt supply with the positive terminal grounded. 
We then designate Rj as the -150-VOLT ADJ control. 
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7-4 Voltage discriminator for delay-pickoff systems. Another application 
of the voltage comparator is in a system for deriving delayed sweeps, 
discussed in detail in Chap. 11. Here, we want to generate a waveform 
that appears at some prescribed and controllable time later than some 
given input pulse. 



Fig. 7-4 Another application of the 
cathode coupIcO ampin ter 
M a voltage comparator acc 
the circuit of Fig. 7-5). Here 
we are given ttome externally 
generated wavetorm.au>. 1 1 »u» 
that of Fig. 7-4a, lor 
example. Using the arrival 
of this given waveform aa 
a reference Inatam, we want 
to develop an output wave¬ 
form (Fig. 7 -4f) that appears 
later. And we want to control 
the amount of time delay D 
that separates these two 
waveforms. To do this, we 
use the input waveform of 
Fig. 7-4a to initiate a ramp 
waveform (Fig. 7-4b) by 
methods covered later in 
Chapa. 9 and 10. We use 
this ramp waveform todrive 
the voltage comparator of 
Fig. 7-5. In Fig. 7-5. the 
large value of cathode resis¬ 
tance K*. common to V, 
and V it Ideally maintains 
the total cathode current of 
these two tubes constant 
(Fig. 7-4e). The cathode-to- 
plate current in Ij is origin¬ 
ally cut off (Fig. 7-4c). But 
at Instant A the input ramp 
voltage rises to a point where 
V) starts to conduct. There¬ 
fore, at instant A the 
cathode-to-pUte current in 
V t must drop (Fig. 7 4d). 
Correspondingly the plate - 
output voltage of l f rises 
(Fig. 7-4f) producing the 
desired output waveform. 


To accomplish this result, we use the given input pulse (Fig. 7-4a) to 
initiate a ramp voltage waveform (Fig. 7-4b) that rises at a steady rate-- 
for example, at 10 volts per second. (We shall study circuits that initiate 
and generate this ramp waveform later, in Chap. 9.) We note that, at any 
instant, the waveform of Fig. 7-4b reaches a voltage that indicates directly 
the time Interval that has elapsed since that waveform started to rise. 
Thus if the waveform of Fig. 7-4b rises at 10 volts j>er second, then after 
5 seconds its amplitude is 50 volts; after 10 seconds its amplitude is 100 
volts, etc. 

We apply the ramp waveform of Fig. 7-4b to the grid'of \\ In a voltage 
comparator like that of Fig. 7-2 (redrawn in Fig. 7-5). We maintain the 
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grid of at some fixed adjustable positive voltage. We can adjust this 
fixed voltage by means of the adjustable voltage divider R. And we make 
the common cathode resistor R k very large, as shown in Fig. 7-5. The 
circuit operates in the following manner: 

1. Before the input voltage waveform (Fig. 7-4b) begins Its steady rise, 
the grid of Vj is essentially at ground potential. But the grid of Ij is at 
some positive voltage that we selected by means of the voltage-divider R. 
Therefore more cathode current flows in Vj than in Vj. Actually Vj conducts 
60 much more cathode current that, by cathode-follower action, Vj raises 
the common-cathode voltage of V, and Vj to a positive voltage that essentially 
equals the grid voltage of Vj. And this positive cathode voltage is sufficient 
to cut off the current in Vj. 

2. At some instant A (Fig. 7-4b) the input waveform to the grid of Vj 
rises to a voltage sufficient to cause current to flow In V,, as shown in 
Fig. 7-4c. 



A cathode-coupled amplifier 
nerves an a voltage com¬ 
parator (here called a delay- 
pickoff circuit) for the action 
described In Fig. 7*4. We 
can uae the resistor H to 
aet the Initial grid voltage 
of l;.. thia voltage In turn 
determine* the common 
cathode voltage. Ihus we 
can uae H to predetermine 
how positive the ramp vol¬ 
tage (Fig. 7-4b) must go 
to make V, conduct. In this 
way we can preset the delay 
interval /> In Fig. 7-4. 


3. The common cathode resistor li k is very large (that is, the pair of 
tubes Vj and V 2 have a common " long tail” ). Therefore the total cathode 
current in Vj and V$ must remain essentially constant, just as in the case 
of a single long-tailed tube (Sec. 5-13). 


t 
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4. Therefore when current begins to flow in Vj (at instant A ( Fig. 7-4c), 
then the plate current in V$ must instantly decrease (instant 4, Fig. 7-4d). 
The sum of the plate currents in V 2 and V 2 ideally remains constant (Fig. 
7-4e), as just discussed in Step 3. 

5. When the plate current in V g falls, the output signal voltage at the 
plate of V 2 rises as shown in Fig. 7-4f. This voltage rise (Fig. 7-4j) provides 
the output waveform we wanted to appear at a time later than the given 
input pulse (Fig. 7-4a). 

We can control the delay interval D between the original pulse (Fig. 7-4a) 
and the output waveform (Fig. 7-4f) by means of the voltage divider R. 
Suppose, for example, that we adjust R so that the fixed input voltage to 
the grid of V* is more positive. Then, before the input ramp (Fig. 7-4b) 
starts, the common-cathode point of Vj and V 2 is more positive. There¬ 
fore the Vj operating point appears farther within the Vj cutoff region. 
Therefore the input steadily rising waveform (Fig. 7-4b) must rise to 
a greater voltage to make current flow in Vj . Correspondingly, this input 
waveform of Fig. 7-4b requires a longer time to reach this more positive 
voltage--so that R controls the amount of time delay D. We refer to the 
voltage divider R as a DELAY-TLME MULTIPLIER control. We shall 
explain reasons for this particular name for R when we study the foregoing 
applications in more detail (Chap. 11). 

7-5 Paraphase amplifier . The source of a signal we want to observe 
with an oscilloscope is very often a single-ended source. That is, the source 
has one terminal that supplies the signal voltage, and another terminal 
that has a fixed potential, often ground. 

On the other hand, a cathode-ray tube generally operates best when we 
apply a push-pull signal to its vertical- or horizontal-deflection plates. 
That Is, we need a signal that comes from a pair of terminals--where the 
voltage at one terminal goes positive while the voltage at the other terminal 
goes negative by a corresponding amount. Furthermore, the amplifiers 
that apply the signals to the deflection plates generally operate best when 
these amplifiers are of push-pull design. Thus we often need a device 
that converts a signal from a single-ended source into a push-pull signal. 
The circuit of Fig. 7-6 does this. Here's how it works. 

Suppose we apply an input-signal voltage from a single-ended source to 
the grid of V J# This signal voltage produces plate-current changes in Vj. 
These plate-current changes cause corresponding changes in the voltage 
drop across the plate-load resistor R Ll that is connected in the plate of 
Y l u Thus, at the plate of Vj, the original signal appears in amplified form-- 
but with its polarity reversed as in the simple plate-loaded amplifier 
fSec. 2-6). 

Hu: foes hometra.'ig more tnar. function as a plate-loaded ampler. 

y is also the input tube of a cathode-coupled amplifier, since the output 
signal at the cathode of Vj drives the cathode of a second tube V*. As we 
have already seen (Sec. 7-1), the polarity of the output signal at the plate 
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Of V, in a cathode-coupled amplifier is the same as the polarity of the 
input signal at the grid of Vj. 

of Fig. 7-6, the circuit d p p of the output signals is 

output signals that are jimila^ «<*«•* ^ ^ For thl8 rea80n> 

reversed in , para p ha8e amplifier (from the expression 

We call the circui *' names for SU ch“a circuit are phase inverter and 

Dhase splitter. Of course, there are other forms of paraphase circuit- 
E ut the syst em of Fig. 7-6 is widely used in oscilloscopes. 

Fig. 7-6 A paraphase^amplifier cir¬ 
cuit. When we apply an input 
waveform to the grid of VJ, 
an amplified and Inverted 
version of this waveform 
appears at the plate of V} 
-pu-r according to the action pf 

a plate-loaded amplifier 
• (Sec. 2-6). But at the same 
time l) acts in conjunction 

with V* as a cathode-coupled 

amplifier (Fig. 7-1). Thus 
an amplified and unin verted 
version of the original input 
waveform appears at the 
plate of Therefore this 
circuit provides a push-pull 
output from a single-ended 
Input. 


of the voltage gain over a certain range. 

- : t 

rests at some wTca'.argelysolve 

when the movable arm re ^ control in a low-impedance 

thC Tht*;^ affecTth^circuit 

arrangement consists of modifying the para¬ 
phase circuit of Fig. 7-6 as shown in Fig. 7-7. 

in Fie 7-7 we use two cathode resistors,% and R ki , ‘"stead of a common 
cathode‘resistor. And we connect^.consider 
means of the variable gain contr 1^ CQntrols the amount of coupling 

that Ri and R k2 are a vouag , h cat hode-input terminal 




of V$. Thus we reduce the peak-to-peak output voltage that we get from 
the amplifier stage--or, in other words, we reduce the voltage gain. 

But the foregoing gain-reducing operation, by itself, simply reduces 
the output-signal voltage at the Vjj plate. In the absence of any other effect, 
then, the V t plate-output signal voltage becomes smaller than the V, plate- 
output signal voltage, in other words, the amplifier push-pull output-signal 
voltage appears seriously unbalanced. And this unbalance might distort 
the cathode-ray-tube display. 

However, another effect counteracts this unbalance. Note that A ‘ kl is 
shunted by* K, in series with the Input impedance of the Vj grounded-grid- 
amplifier circuit. Therefore when we increase fy we not only reduce the 
>2 output signal but we also effectively increase the resistance in the V/ 
cathode lead. This last-named effect increases the amount of negative 
feedback (Sec. 5-11) in the V, circuit. Thus we largely overcome the 
unbalancing effect of adjusting R t . We commonly call the variable resistor 
R 1 a VARIABLE gain control.* 


Fig. 7-7 We can provide a VARIABLE 
gain control for thecatiiode- 
coupled amplifier of F ig. 7 - 1 
or for the paraphaae ampli¬ 
fier of Fig. 7-6. If we 
O Increase the resistance of 

Push-pull the VARIABLE gam control 

output ——► tfj # the voltage-divider 

—O action of R, and K k . reduce# 

the input -signal voltage to 
the cathode of l t . Thu# 
a smaller output-signal vol¬ 
tage appears at the plate 
. of V t - Furthermore, an 

increase in If, effectively 
increases the total resist 
ance connected in the cathode 
circuit of V, The resulting 
negative - feedback action 
(Sec. 5-11) reduces the out¬ 
put-signal voltage at the 
plate of VJ. 


Suppose in Fig. 7-7 we set the VARIABLE gain control to the low-resistance 
end of its range for maximum voltage gain. (This setting is usually marked 
CALIBRATED on the panel.) Now we want the amplifier to have its specitied 
gain so that the voltage readings we make with the oscilloscope will be 
accurate. To set the amplifier gain to its specified value, we can use the 
GAIN ADJ control Rj shown in Fig. 7-8. We make the adjustment as follows: 
First we set the VARIABLE gain control Rj to its low-resistance CALI¬ 
BRATED position. Then, by means of the GAIN ADJ. control Kj»we set 
the effective common-cathode resistance in V, and V*. Thus we control 

"•Alternatively, in Fig. 7-7, we might take only a " single-ended" output 
signal from the V g plate alone. Then we have simply a cathode-coupled 
amplifier— Sec. 7-1-with a VARIABLE gain control. In this case we 

roigf.: eliminate the ij plate-load resistor. . 
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IMPORTANT 

The oscilloscope provides us with accurate, calibrated voltage 
T .' ™ y when we set the VARIABLE gain control to its CAL - 

readings ONLY "hen we we 8et the VARIABLE gain 

BR ™f.oC CALIBR*™ .1... .he ™pUf.er vol,age gain 

ZcmJt. n so that .he deflection I.c.or la .ha, Indicated 
L'y the setUng of the VOLTS/CM (or VOLTS/D.V) .witch. 


Possibly you have encountered a case where, when you adjusted the 

SSSTSJ5 ZJ: 'S *. w *£-s-js 

negative grid-to-cathode bias voltages on V, and V*. these Dias 



When in Fig. 7-7 we lum 
the VARIABLE gain control 
R, to its maximum-gain or 
CALIBRATED position (zero 
resistance), we usually want 
some specific value of vol¬ 
tage gain. To set this max¬ 
imum gain, we can adjust 
the negative grid-to-cathode 
bias voltage applied to VJ 
and v;,, thus changing the 
operating points of these 
tubes on their characteristic 
curves. To adjua* this bias 
voltage (and therefore the 
gain), we can change the 
total ’ resistance in the 
common-cathode circuit. In 
Fig. 7-8, for instance, we 
can set the CAIN ADJ. con¬ 
trol R* for the desired 
amplifier gain with the 
VARIABLE gain control 
turned full right (CALI¬ 
BRATED position). Figure 
7-8 also shows one way to 
prevent a change in the 
VARIABLE gain - control 
setting from shifting the out¬ 
put dc voltage levels at the 
plates of V, and VJ,. Here 
we can set the DC BAL. 
control R S so that the trace 
position on the screen 
doesn’t shift when we turn 
the VARIABLE gain control 

* 1 - 


change the Vj and s P ^f^dTleVeL° V*. Suppose, 

foTeXTe. y Z the°amplifier of Fig. 7-8 is a pan of the vertical-deflection 





system in an oscilloscope. Then, when we adjust the VARIABLE gain con¬ 
trol, the dc-level shift we just mentioned raises or lowers the display 
on the screen. The result is much as if we intentionally turned the VERTICAL 
POSITION control at the same time we turned the VARIABLE gain control. 

To avoid this unwanted position change we adjust the DC BAL. (or VAR. 
ATTEN. BAL.) control shown as R 3 in Fig. 7-8. With R$ we can set the 
V 2 dc grid voltage so that, with no input signal, the cathode voltage is 
the same as the Vj cathode voltage. Then no direct current flows in the 
VARIABLE gain control R t --so that we can adjust this VARIABLE gain 
control without affecting the trace position. (Instead of setting the \ 2 
control-grid voltage, the DC BAL. or VAR. ATTEN. BAL. controls in 
some instruments set the dc voltages at oneor both screens, or suppressors, 
etc., to equalize the dc cathode voltages.) 
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Cain control for a push- 
pull amplifier. When we 
Apply a push-pull input signal 
voltage to the grid* of \' t 
and a* shown, each tube 
delivers an amplitied and 
inverted version of the iupuc 
waveform in the manner of 
a plate-loaded amplifier 
(Sec. 2-6). In addition, the 
cathode circuit of each tube 
drives the cathode circuit of 
the other tube in the manner 
of a cathode-coupled ampli¬ 
fier (Fig. 7-7). ThU 
cathode - coupled - amplifier 
action contributes a portion 
of the amplifier voltage gain. 
We can use the CAIN ADJ. 
control in Fig. 7-9 to 
adjust the coupling between 
the cathode circuits, and in 
this way we can adjust the 
amplifier voltage gam over 
a certain range. 


7-7 Gain control for push-pull amplifier . Figure 7-9 shows a push- 
pull amplifier where the input signals we apply to the grids of Vj and 
V 9 have the same waveforms but opposite polarities. Each tube functions 
partly as a plate-loaded amplifier. That is, the input signal at the grid of 
either tube produces, at the plate of that tube, a reversed-polarity output- 
signal voltage. Consequently the output signal-voltage polarity at either 
plate matches the input signal-voltage polarity at the opposite grid. 

In addition the cathode circuit of each tube drives the cathode circuit 
of the other tube, in the manner of a cathode-coupled amplifier. This 
action reinforces the simple plate-loaded-amplifier action mentioned in 
the preceding paragraph. But the GAIN ADJ. control R\ lets us adjust 
the amount of signal coupling between these two cathode circuits. There¬ 
fore we can use Rj to control the degree of the signal-reinforcing action 
just mentioned. In this way we can continuously adjust the voltage gain 
of the push-pull amplifier of Fig. 7-9 over an appreciable range. 
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uf,pr Often we want to use an oscilloscope to view 
7-g Diffe r ^ „ voltage between two Incoming conductors-- 

a waveform that exists lranpnualv carry a second waveform 

where the two conductors aUo simul thi8 8 econd " common -mode" 

with respect to ground. And we do might be the case of observ- 

waveform to appear in ° ur h P ' . j ds connected to limbs of a patient 

ing heart waveforms ^ as a voltage between two 

or an animal. The desirea Datlen t-but a second waveform, such as 

Perh.p. <b. preceding 

think of many of the other cases t erence between the voltage on a 

si. 

1. me differential amp.i ng o. F«. 7-10. 

“Cr«,^"uS:r. r e me plate-load tea,..or. have only model.,e 
resistance. 



A differential amplifier. The 
common cathode relator H k 
has a large value. Therefore 
an input-signal voltage Im¬ 
pressed on either grid 
appears only slightly dimin¬ 
ished at the common-cathode 

point. Consequently if 
apply the same input-signal 
voltage to the grid of the 
second tube as well, only a 
very small plate-current 
change results in this second 

tube. Actually, with the same 

input-signal voltage applied 
to both grids, each tube 
strongly suppresses plate- 
current change in the other 
tube as just described. 
Therefore the differential 
amplifier of Fig. 7-10 
strongly suppresses stmUar 
input signals applied to both 
grids (common-mode rejec¬ 
tion). But if the two grid- 
input signals differ in any 
respect, this circuit delivers 
an amplified form of the vol¬ 
tage difference between the 
two input signals. 


... me 

cathode c— the two 1 across Rl caused by the current change 

R k is large, the signal-voltage dr P ‘across R k reaches the cathode 

in V, alone Is large, this 81 8 n | polarity* such as to oppose the 

of ij. This Vj cathode-mpu stgnal haSrapo ^ ^mon- Input signal at 

current change in Vj that w Id h 8lmllar eign als applied to the grids 
*e Vi V t £ change only very slightly. 
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Similarly with the same signal applied to the two grids, the cathode signal 
aDDlied to’v, as a result of a current change in V t opposes the effect in 
R efused by the common grid-input signal. We see. then that the overall 
gain of the stage for a common grid-input signal is very sma . 

Now suppose that the signals applied to the two grids are ^fferent. The 
current change in V, resulting from its grid-input signal still causes a 

cathode-Inpul Signal to be applied to v;. B “ ^ to.' 

in upneral a different value (and often even a different pol y) 

1 ", S ,* • «?We input signal applied hy V„ Therelope the t„^d p ate- 
current effect of the VO grid-input and cathode-input signals is proportio 
to the difference between the V, grid-input signal and cath ^ e ^" P r U ^" a ng 
Conseauently an output signal appears at the plate of j. y . 

the Dositions’ of V, and Vi in this discussion, we see that an output sig 

t thp niar^ nf Vi Thus we have an amplifier that responds 

w‘i m P two* d'i«erlng P input slgnlls-but that produces only a very small 
when*the**same stgn.ls are applied to the two gnds. That 
is, the’amplifier has the feature of "common-mode rejection. 

We measure the common-mode rejection of the amplifier in terms of 
the ratio of the gain of the amplifier for different input signals to the gain 
or a*common Inpit signal. Common-mode re)ec.ion 1. no, likely euer to 
1 ^ rh ar is there is likely to be at least a very small output signal 

foracommon input’signal. The reason lies in minor unbalances that unavoid- 
ably exist in tubes, circuit capacitances, etc. 

To improve common-mode re)ec,lon. we balance the gain. »1 "he Pjo^ee 

* rrjel^&lSi-Sca^aSmWTUL BAL control. 

signals. 
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DELAY LINES AND DISTRIBUTED AMPLIFIERS 

Let us now consider the delay lines used in oscilloscopes, and an amplifier 
arrangement that operates on some of the principles Involved in delay lines. 

8-1 Need for delay lines. Figure 8-1 shows a simplified block diagram 
of an oscilloscope. We feed the waveform we want to observe into the 
vertical-amplifier input. For the time being, assume that we apply the output 
of the vertical amplifier directly to the vertical-deflection plates of the 
cathode-ray tube. The output signal from the vertical amplifier, then 
produces a vertical deflection of the cathode-ray-tube spot that is proportional 
to the amplitude of the observed waveform. 

Suppose the displayed waveform 1 b recurrent. Then, to stabilize the 
display we need to start the horizontal movement of the cathode-ray-tube 
spot at * some given point on the observed waveform. The device that starts 
the horizontal trace is called a trigger . And we can use the output signal of 
the vertical amplifier to actuate the trigger. The trigger produces an output 
waveform when the observed signal goes through some selected point on its 
waveform The trigger-output waveform actuates the horizontal time-base 
generator’(sweep generator) to start a horizontal sweep of the cathode-ray- 
tube spot. Thus each horizontal trace starts when the observed signal goes 
through the selected point on its waveform. In this way we are able to see 
a stable display of the observed waveform. 

But It takes a measurable time for the trigger to start the horizontal 
sweep This time interval, as shown as Interval P In Fig. 8-1, is of the 
order of 0.1 microsecond. Furthermore, the time-base generator also 
ppnerates the unblanking waveform (described later in Chap. 11) that turns 
on the cathode-ray-tube beam-so that there isn't even any spot on the 
screen until the unavoidable delay Interval /’ has elapsed in actuating the 
time-base generator. Thus, there is a waiting Interval /• while the time- 
base generator gets the horizontal sweep started and gets the cathode- 
ray-tube spot unblanked. And during this wait the early part of the 
waveform (its leading edge ) might be partly or entirely over with--so 
that we would not observe the leading edge of the screen. 

To make It possible to see the entire displayed waveform. Including 
the leading edge, we Introduce a delay of about 0.25 microsecond (interval 
O in Fig 8-1) between the vertical-amplifier output and the cathode-ray- 
tube vertical-deflection plates. This delay takes the form of a delay l ug 
an actual or simulated transmission line. The delay line holds bat , or 
delays the displayed waveform from the vertical-deflection plates un l 
the Ume-base generator has time to get the horizontal sweep started and 
to get the cathode-ray-tube beam unblanked. Thus we get a chance to s 
the leading edge of the displayed waveform. We can summarize the operation 

as follows: 
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1. The vertical amplifier transmits the waveform to be displayed to 
the trigger. 

2. The trigger actuates the time-base generator. 

3 The time-base generator starts the horizontal sweep and unblanks the 
cathode-ray-uibe. Steps 2 and 3 require a total of about 0.1 microsecond. 

4 . The waveform to be displayed, after a delay of about 0.25 microsecond 
in the delay line, reaches the vertical-deflection plates. 


% - v WAVEFORM TO BE 

- V DISPLAYED 

/| V\ VERTICAL- 

AMPLIFIER 

jkl rr 


VERTICAL 

AMPLIFIER 




I_• 

DELAY LINE 


DELAY-LINE 

OUTPUT^/ 


• 7*ie»<hfcR 

Clteurr 1 


TRIGGER 

WAVEFORM 

UNBLANK-ING 


CATHODE - RAY 
TUBE .— 


time-base- 

generator 

SYSTEM 


HORIZONTAL 

AMPLIFIER 


rn\r- 


/ HORIZON TAL- 
SWEEP WAVEFORMS 


Illustrating the need for a delay line. A vertical-signal sample 
from the vertical amplifier actuates the trigger circuit at 
instant A, so that the trigger circuit delivers the 
spike shown. This trigger spike »ctuates thetime-base-generator 
system which sullies the unblanking pulse to make the cathode 
ray-tube spot visible. At the ssme time, thetime-base-generator 
system supply r *™P horizontal-sweep waveforms shown, 
to deflect the spot linearly from left to right across the screen. 
But these unblanking and horizontal-sweep responses to the 
trigger require a measurable Interval P to get started, aa 
sho£n. (The Interval P is usually of the order of 0J1 mlcro- 
second ) Thus without the delay line, we would be able to see 
only that pan of the displayed waveform that (o\\am* inaum 
U in the topmost waveform. To let us see the j *** 

the displayed waveform as well, we Include the delay lln . 
The delay line introduces a vertical-signal delay V. ■■ ■ r ^- 
(The interval Q la typically about 0.25 microsecond.) Thus 
the displayed vertical waveform doesn't reach the c»thode- 
ray-tube venlcal-deflection plates until both the unblanklng 
and the horizontal-sweep waveforms are well staned. 


in short -the purpose of the d elay line . i s. to ajlowm, to see the lea ding 


edge of the displayed waveform. 
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.-•> n»iau-llne characteristics. a. Physical s ize. It Is. of course, Important 
that the delay l ine should i^Tbe unduly bulky, so that the Instrument that 
Includes the delay line will have a reasonable size. 

h Characteristic Impedance. A delay line has a characteristic lmpeda nc 


/surge Impedance). Perhaps as good a way as any to acquire the concept of 
characteristic Impedance Is to think of the characteristic imp “ n '\ e 
rhar imoedance which when connected across the output terminals of the 
S2„mSk at ft. i»P». terminals. Suppose f.r example. 

a certain delay line has a characteristic impedance of 1.000 ohms. It we 
connect an impedance of 1.000 ohms across the^output of ^ 1 “• 

then the Impedance at the input terminals of the line is °hnM. 

f we connect to the output terminals some impedance other than 1000 
ohms-say 500 ohms-then the Impedance at the input terminals is gener y 
neither 500 ohms nor 1,000 ohms, but some other value. 

If the delay line is a simple parallel-wire or coaxial transmission line, 
then we can figure the characteristic impedance Z c by the formul 


Zr “ 


Eq. (8-1) 


In making a line we control L and C by choosing the diameters and the 
1 T fhe conductors For best operation of the vertical amplifiers 


amplifier. 

_ INTERNAL 
^ OUTPUT 
IMPEDANCE 


ZoC^c) 

OUTPUT 


(CHARACTERISTIC 

IMPEDANCE' Z c ) 


LOAD IMPEDANCE 

Z L (=*c) 


amplifier delay line 

Fla 8-2 If our problem were to transmit the greatest power 1I2IZ1 the 
g ' amplifier output, through the delay line, and Into the load 

Impedance, then we should make both the load tajj*«** *i 
the amplifier Internal output impedance 4 equal to the delay- 
line characteristic impedance Z f . 

n Priccihln discontinuities . The delay line should have a characteristic 


imoedance that is constant throughout the length of the line. If at some point 
aZ^ the line the characteristic impedance differs from that of the reat 
1 A ^ «av there is a discontinuity at that point. In a parallel- 

rTnr coaxial cable a disconti nuity migh t be caused by a change in the 

reflations dtoto^“s P U^w“etoS!-i we want to avoid discontinuities. 


a.a Terminations at ends of delay line. Figure 8-2 shows an arrangement 


where an amplifier transmits power through a transmission line to a load. 
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. . -atest power reaches the load when we make the amplifier 

Zput impedance a'nd the load impedance both equal to the line character- 
istic Impedance Z r . 

a r In An oscilloscope our problem is to apply a signal voltage to the 

-5 ssrs^^ ssr tz 

,1, «.end ot 0>« “%»T. M ,2, connict aero., .he other 

characterist c lm P / (either the amplifier output impedance or 

equal to Z c Fig. 8 4 f ow * deflecti0 n-plate end of the line unter- 

gain. 

amplifier 



"vIrT^AL delay LINE ^ ^ -- 

amplifier l c 

p. a , ln an oscilloscope our problem is not to transmit the greyest 
Flg ‘ 8 ‘ 3 pL> sibbe jj»wer L the" vertical-amplifier output, through the 

delay lineal to the vertical-deflection plates. Rather, we 
ZS to.^ly d» PM po«*W 2fi!K 

vertical deflection plates. We find that the greatest signal vol- 
vertical-deflection plate. *< «'“* 
otTe end of the deity line In tn tmpoltnce equal to the deity- 
line characteristic impedance i, but leave 1 ‘’ “ " ^JJ y 

of the delay line connected to a very large 

an open circuit). In thla way we can make ' h * £ L 

at the vertical-deflection platea twice at great at 11 amuM P 
wtth both end. of the delay line terminated *»£ 
f«ual to the delay-line characteristic Impedance (Fig. 8-2). Th 
doubling 1 of the filgn.l vol,age 1. equivalent to a 0 ; ^.b«. b,ere». 
in the vertical-deflection-system voltage gain. In Fl * ® • 

we achieve this result by driving the delay Une from a high- 
imoedance amplifier-output circuit and terminating the delay 
1 In e^aTthe vert leal-deflection plate, wtth an Impedance 

P fv.,r nf s discontinuity. Suppose an impedance discontinuity exists 
MV a . — an oscilloscope. Let’s consider what this discontinuity 

does to the display. 

First assume that the vertical amplifier in our 
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of the vertical amplifier. The vertical amplifier applies the step function 
(FiK. 8-5a) to the delay line. After a delay of 0.25 microsecond, the step 
function arrives at the output end of the delay line (Fig. 8-5b) and is applied 
to the vertical-deflection plates, so that we see the step function displayed 
on the cathode-ray-tube screen. The line-termination impedance dissipates 
the energy of the step-function signal. 


AMPLIFIER 



VERTICAL DELAY LINE 

AMPLIFIER 


Fla 8-4 Here as in Fig. 8-3, we terminate one end of the delay line 
in an impedance Z< equal to the delay-line characterlstlc 
tmpedance, and we leave the other end of the delay line con¬ 
nected to a relatively large impedance. In Fig. 8-4, however, 
the amplifier-output-circuit Impedance ^ equala the delay- 
line characteristic impedance Z r , while we connect the ocher 
end of the delay line to the vertical-deflection platea only 


Now suppose that there is a small impedance discontinuity at some point 
along the delay line. Suppose, for example, that the waveform to be displayed 
reaches the discontinuity 0.2 microsecond after we apply the step waveform 
to the delay-line input terminals. When the leading edge of the step function 
reaches the discontinuity, some of the signal energy of the leading ge 
is reflected This reflected energy appears as a brief pulse (Fig. 8-5c) 
that travels backward along the line. (The reflected-signal energy subtracts 
from the leading edge of the main forward-going signal. Therefore the 
steepness of the leading edge that is actually displayed is slightly reduced 
as suggested in Fig. 8-5b.) 

The reflected waveform of Fig. 8-5c moves backward along the delay 
line toward the amplifier. The reflected wave reaches the amplifier output 
terminals 0.2 microsecond after it was reflected--that is. 0.4 microsecon 
after we applied the original step function to the delay line _ At the “"P l j ' 
output terminals, the reflected wave meets an abrupt discontinuity in he 
form of the amplifier high-impedance output circuit. Thus the reflected 
waveform is re-reflected (Fig. 8-5d) along the delay line toward the cathode- 
ray tube. The re-reflected wave arrives at the vertica -deflection plates 
0 25 microsecond after the re-reflection at the amplifier (Fig. 8- 5 S)- 
At the vertical-deflection plates, the re-reflected wave distorts the display 
(point Fig. 8-5b). 
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~ vertical-amplifier internal output 

as a second case, suppos imoedance Z c and that we 

un uf - the delay-line charac,«*£££££. lid of the line 

do not coi “ termination acros^r g a Btep function (Fig. 8-6a) 

‘"me'Ve’lky “itae 'theater . delay o! 0.25 micro.ecmid .he e.ep Melon 




Effect of a delay-line dis¬ 
continuity in the circuit of 
Fig. 8-3. mere we drive 
the delay ' line from an 
amplifier having a high- 
impedance output circuit. 
And we load the deflection- 
plate end of the delay line 
with an external terminating 
impedance that equala the 
delay - line characteristic 
impedance Z t . But suppose 
the delay line includes a 
defect called a discontinu¬ 
ity--where the character¬ 
istic Impedance differs from 
the rated characteristic 
impedance Zt ot lhe reSl 
of the line. Such a discon¬ 
tinuity can result for 
example, from a rnlsadjusted 
shunt capacitor in the delay 
line. Discontinuities reflect 
signal energy. The result 
appears as "bumps" and 
other distortions In the dis¬ 
play. As explained In the 
text, a discontinuity near 
the deflection-plate end of 
the delay line of Fig. 8-3 
causes a bump to appear 
rather late along'the flat 

top of a displayed step wave¬ 
form (Fig. 8-5b). (Corres¬ 
pondingly, a discontinuity 
near the amplifier end of 
the delay line causes a bump 
just after the leading edge 
of a displayed step wave¬ 
form.) 



TIME-- 


. rho delav line (Fig. 8-6b) and is applied to the 
arrives at the output ^e the step functfon displayed on the oscillo- 

deflection plates. Thus we see me y 

scope screen. 
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Since we didn't provide a terminating impedance at the deflection-plate 
end of the line, the energy of the step function is now almost totally reflected 
backward along the line. When this energy reaches the amplifier-output 
terminals the amplifier-output impedance dissipates the energy. 


(a) 






(c> 


£ >iz 

* t<*z 

Zul^Ui ul 

SHU 

UI> o h 5 

asss? 



CflO 


Effect of • delay-Une du»- 
contlnulty in the circuit of 
Fig. 8-4. Here we drive 
the delay line from *n 
amplifier whose output- 
circuit impedance equals the 
delay - line characteristic 
impedance Z f - Then we don't 
need the terminaung imped¬ 
ance at the deflection-plate 
end of the delay line. As 
explained in the text, a delay- 
Une - capacitor misadjuat - 
mem or other discontinuity 
near the deflection-plate end 
of the delay Une of Fig. 8-4 
causes a bump Just after the 
leading edge of a displayed 
step waveform (Fig. 8-bb). 
Correspondingly, a discon¬ 
tinuity near the amplifier 
end of the delay Une causes 
a bump rather late along 
the flat top of a displayed 
step waveform. In Figs. 8-5 
and 8-6, contrast the 
positions of the displayed 
bumps caused by a given 
discontinuity near the de¬ 
flection-plate end of the 
delay Une for the circuits 
of Figs. 8-3 and 8-4.) 



Now suppose that there Is a small impedance discontinuity at some point 
along the delay line. Suppose, for example, that the waveform to be displayed 
reaches the discontinuity 0.2 microsecond after we apply the step waveform 
to the delay-line input terminals. Some of the energy of the leading g 
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. „ w reflected Dulse (Fig. 8-6c) that travels backward along 
appears “ * ^^teSdSunSl subtracts from the energy of the 

the line. (The reflectea sign Therefore the steepness 

in the display. 

sz~-~ f ~gi~3gi£ 

■-jssSSS 

some point on the flat top P th g line i 8 terminated at the 

essentially th«rsame, regardless of whether the linens ^ {or example> 

amplifier end or at the d ® fl ® ct ‘?. n 'P® plate end of t he line the bump appears 
the discontinuity is near the deflectio p impedance is matched 

in the ri^h-d causes 

? display .has the Use Imfwd.nc. I. 

matched by the.amplifier-output Impedance. 


Kinds of delay lines, a. Simple coaxial cabjes. One form oi deUy 
is simply a coiled-O T Ie ngth of ordinary 

the waveform to be displays! needs about 0 » mh:tos^ 8 

The resistance of .he * cortraor* 
the transient response of t • ■ t rough . and . ready way we might 

longer than we want II »**•<' ce d0 „junctlon with the shunt 

say that the center-eondu system whose rtsetlme might be 

capacitance of the cable for Toreducerhe center-conductor resistance, 

greater than the rtsetlme we wane ^ dl amete, is considerably larger 

by current- or ,ol,age-handling requirements. 

We have 

S.’TJL. ordinary coaxial 

cable for delay-line applications. 

« - —;;r— 

display rapidly changing signals. To keep tne tr ansi cm ^ 
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we use cables whose diameters are quite large. In some oscilloscopes 
that use distributed amplifiers (Sec. 8-6), the distributed amplifiers provide 
much of the required delay. We may then use a coil of coaxial cable for 
the rest of the delay. 

b Special coaxial cables. Some delay lines use an inner conductor 
that is a continuous coll of wire. Sometimes this inner -conductor coil 
Its wound on a magnetic core. 

When we use a continuous coil as the inner conductor, we increase the 
characteristic impedance of the cable-often to values from 1,000 to 2,000 
ohms. We also increase the delay for a given length of cable so that We 
need only a reasonable length of cable. 

e Delav lines composed of cascade L C networks. In a coaxial cable 
the”series inductance L and the shunt capacitance C are continuously dis¬ 
tributed throughout the length of the line. But it is also possible to break 
up the inductance and the capacitance into separate ' lumped portions, 
as shown in Big. 8-7. The physical appearance of such a delay line is hhown 

in Fig. 8-8. 



Fill 4-7 A tfcUy tine coined of cascfcte M* network <often called 
a lumped-paramitw deE*y Mnc), In this puafe-puli term of 
ihe delay line, itv ierse* Indu^i Ance U j of sedlOTl* 

equally divided between Ehe two aides ot the delay line, The 
charaeterlbtic Impedance oE thie delay line Ib Lj Cj 


We shall refer to the series inductance of each delay-line section as 
l, and the shunt capacitance of each section as t'j. In a push-pull (balanced- 
to-ground) delay line, we divide the inductance L, of each section equally 
between the two sides of the delay line. (To achieve the operating character¬ 
istics we want we might include some mutual inductance between the 
Inductances in Adjoining sections. To provide this mutual inductance we 
can construct the actual delay line with tapped Inductors, and with the 
shunt capacitors connected to the inductor taps rather than to the inductor 

ends.) 


We can make the *' characteristic" impedance of such a delay line quite 
lame If we use comparatively large values of L, and small values of 
And a rather large characteristic impedance is of course just what we want 
in many cases. 
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The delay time produced by each section otiine mere** 
either L, or C,. Thus if we use comparatively large_va 
get our required 0 . 25 -microsecond delay with only a few 

But we have to think of the risetime of the delay 1 
out that for a given short risetime, we haveto bt 
comparatively large number of sections--each produeir 

delay.* 

If we make the shunt capacitors Cj adjustable, we cai 
wave response and carefully adjust each shunt capacitor 
of each section of line is the same as that of all c 
wav we keep reflections at a minimum— so that a 
tor exam ole. is free of the bumps we discussed 


erf * cypicml delay 


Into detailed design problems 


* Our purpose here, 
But we can mention that 


the characteristic impedance is 


z c 

town to a given desired value T R for 
break the line up into a number of sect 


The delay produced by each section is 


Dela*. lines of the type discussed here are often called lumped -parameter 
lines. 
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more we can adjust the delay line so that the over-all response of the 
vertical amplifier and the delay line together is significantly better than 
as if we adjusted them Independently, 

It La possible for a delay line to get out of adjustment after the oucil- 
loscope has left the factory-particularly If the oscilloscope has been 
subjected to rough handling t extreme temperatures, etc. 


Then the display of a square wave (from a generator suitable for your 
type of oscilloscope) might show Jagged bumps along the flat top. Further¬ 
more the first 1/2-microsecond region of the flat top might tilt upward 
or downward. And the corner might be rounded, or there might be over¬ 
shoot at the corner. Sometimes there is ringing along the entire flat top. 
(Note however, that some of these defects can arise from troubles other 
than delay-line difficulties. See, for example, Secs. 4-2 to 4-7,5-4 to h-B, 


man uci<iy-iu^ uuuLuiii«.«. ( — j , , ... 

and 5-16.) You can adjust the delay line In the field--if you observe the 

fo 1 lowing requirements. 


IMPORTANT 

DON'T attempt to adjust the delay-line capacitors unless you have. 

1. Adequate instruments and tools as specified for your particular 
type of oscilloscope . 

2. Factory procedures for adjusting the delay line In your particular 
type of oscilloscope. 

3. Either experience, factory training, or adequate time. 

Without these three requisites you will almost certainly leave 
the delay line in a worse state of adjustment than when you started. 


ri Sneciallv braided delay line. It is very difficult to arrange a delay 
line composed of cascaded LC sections that has adequate delay i the rise- 
time is Vo be shorter than about 10 or 12 nanoseconds. Copper losses and 
other factors tend to lengthen the risetime in a delay line that has adequate 

delay. 

It turns out that we can make a delay line with a short f^and 
adequate delay if we provide magnetic coupiing between the two s^d 
nf the delay line. Figure 8-9 shows such an arrangement. Here each side 
of the line consists of a conductor that is wound spirally on a flexible 
insulating core. Special machinery braids the two conductors onto the same 
core Se two conductors are spiraled in ophite directions. The finished 
delay Hne Is embedded in a plastic panel as shown in Fig. 8-10. 

With such a delay line we can provide suitable series inductance in each 
side of the line, and sufficient magnetic coupling between the two aides 
of the line. The resulting shunt-capacitance values make thedelay-h 
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For very .bon ritenmes, xhe delay line 
i r „a»rl» (Ft*. 9-7 Mid R-8) i. ImpHftlMl 
cE nee ihe spc...l!y-br*td*l dcW line -1 
. 8t »n xiseime 10mbb>sl with jjefcy 

rrtLinlimt between the two nkJea oi tn« 
m.chlnerybr.ldsthuwoeon 


cover the full vertical graticule if we apply 

60 volts to the vertical -deflection plates. 

1 -deflection-system risetime to be 6 nano- 
ren if we apply a theoretically perfect step 
r input, the signal-voltage waveform that 
lates must be about like that of Pig. 8-11- 
current the vertical amplifier must supply 






We note that the waveform of Fig. 8-11 rises through a range of 48 volte 
during an interval of 6 nanoseconds. Thus the voltage at the vertical- 
deflection plates rises at an average rate of 48 ^-(6 * lO" 9 }'® » 10 volts 
per second. In other words, during the rising part of the voltage waveform 
at the vertical-deflection places, dv/dt has an average value of 8 ■ 10 volts 
per second. 


r u B.iO In Iht fimyhtfd form of ihe fipecUlly-bmded delay line of 
Fig. ft-9, a molded plastic panel: Inclose* ih* d*Uy line u 
shown here. 

Suppose Chat the effective capacitance between the vertical-deflection 
plates is 5 picofarads (5 « 10farad). In Sec. 1-14 we learned that the 

current In a capacitance is 


Eq. (1-4) 


Ve note that C - 5 - 10'farad and that <h>/di has an average value of 

■ , in9 volts per second. Therefore, by the above formula, the average 

:urrent required is (5 « Iff 1 *) « (8 * 10 s )" 40 1 10 ^pere, or 40 milli- 
tmperes. 

Now it would be difficult to find an amplifier tube of moderate size that 
;an supply a signal current of 40 milliam peres. In particular, It would 
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de dK.lcul, .o find 

capacitances. ^^^^J^^ray-tube vertical-deflection plates, but 
current not only for the catnoa ' . Theoretically, we could 

*■ ' ° W " on Jre 

make moi each tlme w e add a tube in parallel we also add 

S'iesKn hunt plate-to-ground capacitance of that tube. 

We find, then, that even with diel°wer limit 

with the best circuits we **“' we use conventional amplifier circuits 
to the risetime we can achieve , , olates. To overcome this 

to drive the cathode-ray-tube ver^c we use the distributed amplifiers 

limitation and to achieve shorter risetimes, 
described in the next section. 



time., nanoseconds 

Fl g S-U Showing why wo "dCd * «£»« 

w Ote deflection pUies a siftnai whost % /lt m l0 ^ m 8 IQ* voiis per second. Therefore during 

,4 ft the defleciion-pl^ v°^ uses at a me of ™ , i<r ff farad! require a charging current 

interval 4/i a VmWUmperJ. A conventional amplifier uibc that t - an 

- 4 VJS — " reson L ° Ihe “" ^ 

of Figw 8-t2. 

a-7 Distributed amplifiers. Figure 8-12shows^ the ^J^“f“ g ^ DUflerfl 
f~ '‘ ted amplifier (transmission-line amptaBg.8-12 shows 
in . ” we usuaUy push-pu^ * delay line 

?ca STSt ^) P wh e ere Sf series inductances are I*. b,. etc, and 













— - r 

capacitances are the plat g P required by a signal 

TSJZS one ne s 6 ectlon U o C f h the ^ Une is equal to the titne required 
by a signal to travel through one section of the plate line. 

- *r ,he sriC i.rr.-.V'srs™: 

km ss 

»•>"/*, n sS “ u«. . plate-current change o. 

grid of V 4 . Thus, f a given inp » . current after the signals 

1 milliampere in V,, then the t P h iKnals reach V s th<# total plate 

rench V, In 2 **■£% “arlou. .uiiee .re actually 

signal current is 3 milliamper moveg down 

tn ;- - C “ C * d ' h r» r ,«rrr- 

signal curt*. .teases in equal steps, 
we note thTt. any. «.«» time, the 

Therefore, at a given instant, only the capacitances 

one tube can affect the risetime. 

, /c^ r it manv oscilloscopes use delay lines that 

As we have learned (Sec. ), In guch case8 we make the 

are not terminated at the deflectio -p ’ clrcuit matc h the delay- 

internal impedance of the v ® n ^, a ' h P flected signal from the unterminated 

r mz rrjss lmped,nce ,he 

ampUfier. This basic arrangement was shown in F g. 

U .he vertical amp.BIer ad 
internal output Impedance match the delay ime 

in this way: 

c Since the plate Une »* *£££ ’SZZSt SSS?1K 
^“"l “.. .h. rrflSeC eignal la concerned, .he pi... Une .. -Imply 
an extension of the delay line. 

2. We connect a ..reverse-termination" j»P^ l2 <^ ^rtie 

^ect^nTJ^ P b 1 a a ckwar3 e, ai;ng 8 th 0 e Wn delay line and the plate line, 
the^reverse fermination totally absorbs this reflected signal. 

Figure 8-13 shows a practical vertical 

amplifier section. The input waveform for the > pu*n Thia 

amplifier stage V1014-V1024 c0rn ® .. cascade catho de-follower arrange- 
V1014-V1024 amplifier <drives: 1 P T he " Rhodes of V1033B and V1043B drive 
ment using V1033 and V10«L The etthodes ^ of the grid line. 

the distributed-amplifier grid li • lt8 characteristic 

R1206 and R1216 in series terminate the grid 
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. nf 7 20 ohms so that reflected input signals do not travel back 

K*h? grid Rl»8 the he cathode-current circuit tor 

V1033B and V1043B. 

The cathodes of V1033B and V1043B also MnTvo"** ^VlS 
as follows: (1) the beam -position-Indicator an ’P BB X require d, to show 
that light or extinguish the neon lamps B1083 “ ce a*>ve or below 
when the dc vertlc * 1 *f )8 2 t . tl °^ n frf^e^plckoff amplifiers V 1054 and V1064 

r ssnr "Sc^Ser«- ^««* -«— 

in Fig. 8-1.* 

line. 


The* Dlate-line characteristic impedance Z c at a given frequency can 

“HriSSlSSss 

impedance Z c so th . preserve the short risetime and the 

signals. At the same time, th „ amD iifi er To meet these requirements, 
negligible overahtxtt £ “mht.tion network that 1. more com- 

;,'c. P ,Tt » the elmplt -...or Indicated ,n Fig. 8-12. 
f >07 1 11073 and the reverse-termination capacitors of Fig. 8-13 tor 

the best square-wave response and adequate vertical bandwidth, according 
to the instructions covering the oscilloscope type. 

t cim a 13 includes anetworktocompensatefordcshift-- 

(The circuit of Fig. 8-13 lnclud R1094, R1095, 

Sec. 5-16 This network ^ input terminal changes 

R1097, R1099, and R1091 , « he dc leve at £ dc- level 

abruptly, this network eeds baek a part ot t ^ e 8iJe of the 

variation. This feedback dc- eve . desired vertical deflection 

push-pull system In a polarity t w re n time constants in this dc- 

of the cathode-ray-tube spot But the ^ ^ only ab out 

shift-compensation network al because of dc shift in the tubes. 

“JZ llZeton S the^c -feedback-signal amplitude. In this 

iay we can reduce the overall dc shift essentially to zero.) 


*Since the v e rtical - signal require, an 
the distributed amplifier we rosecc J ld) that is ordinarily required 

° 0 ; 

™ ent in Fig ' 8 ' 13 

meets this requirement. 


8-17 














CltapfeA, 9 

TIME-BASE GENERATORS 

When we use an oscilloscope, we very often want the display to show us 
how some varying quantity changes with time. Therefore the cathode-ray- 
tube spot should cover some fixed amount of horizontal distance during each 
unit of time. In other words, the cathode-ray-tube spot should ideally move 
at a constant horizontal speed during the entire horizontal motion of the 
spot across the screen. We say that a spot that moves in this manner is 
deflected linearly with respect to time. 

Let's consider what voltage waveforms we have to apply to the horizontal- 
deflection plates of the cathode-ray tube to deflect the cathode-ray-tu e 
spot horizontally in this desired linear manner. And let's take up some 
circuits that generate these required horizontal-deflection waveforms. 

9-1 Required horizontal-deflection waveform. It turns out that, to deflect 
the cathode-ray-tube spot from left to rightTn a linear manner, we must: 



l Apply to the right-hand horizontal-deflection plate a positive-going 
ramp voltage like the solid-line part of Fig. 9-la. 

2. And apply to the left-hand horizontal-deflection plate a negative-going 
ramp voltage like the solid-line part of Fig. 9-lb. 
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We call i . ircuitry that develops these ramp waveforms a time-bas e 
or sweep generator. Actually, the time-base generator develops 
StiL p ositive-going Waveform of Fig. 9-la or the negative-going 
waveform of Fig. 9-lb. We feed this waveform into a horizontal amplifi e r 
that includes a paraphase-amplifier circuit (Sec. 7-5) Thus the horizontal 
amplifier delivers two output waveforms--one waveform like Fig. 9- 
fo/the right-hand deflection plate, and another waveform like Fig. 9 
or he left-hand deflection plate. For the time being, ef a assume tha 
the time-base generator Itself develops the positive-going waveform of 
Fig 9-la. And assume that the paraphase amplifier provides the addltio 
required" negative-going waveform of Fig. 9-lb. It is, then, during the solid¬ 
line portion^ Fig. 9-la that the cathode-ray-tube spot moves in the forward 
direction--from left to right across the screen. 

A 
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Fl« 9-2 Illustrating the Idea of linearity that we require In a tlme- 
8 baue generator output ramp^Itage waveform lfthe ramp 

voltaae c hanges 6y a given amount (uay 15 volte) during a given 
nme 'nlerv. 8 ! /(.ay, 1 aecohd). then the voltage mu.. alao 
change by the same amount (15 volt.) during artf other equal 
(1-second) Interval, such ae Interval H. 

Suppose then we use the oscilloscope to observe a recurrent external 

waveform. Then the time-base generator in the oscilloscope develops a recur¬ 
rent waveform that includes' not only *the solid-line part o g. 

IZ the broken-dhie portion as well. We call the solid-line portion of 
S waveform of Fig. 9-la the runu£ portion. It is only during the runup 
n, w - ap waveform (forward motion of the spot) that the unblanking 
waveform v .,- !) turns on the cathode-ray-tube beam so that the spot 
appears on the screen. 

Let's study the runup poition of the waveform of Fig. 9-la The runup 
portion is shown in detan in Fig. 9-2. To deflect the cathode-^ay-tube 
snot at a constant speed, we must make the runup portion (Fig. 9-2) linear 
St is, the time-base ’generator must develop an output waveform whose 
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runup portion rises through some fixed number of volts during each succeeding 
unit of time. For example, if the runup portion rises through a range of 15 
- volts during a 1-second interval (such as interval A of Fig. 9-2), then the 
runup portion must also rise through an equal 15-volt range during any other 
1-second interval (such as Interval B of Fig. 9-2). 

In the following sections, let's take up some time-base-generator circuits 
that are intended to develop the required linear voltage changes we just 
mentioned. 

S 


Fig. 9-3 Mobt time-base generator* 
are refinement* of the baslc 
HC circuit shown here. V\hen 
we close the switch S, a 
charging current through K 
raise* the capacitor voltage 
toward the battery voltage. 


o.-» a basic r(mf*-hase generator. For the output waveform of a time-base 
generator, ^e commonly use ~ Th e changing voltage that appear, across a 
caDacitor while the capacitor charges through a resistor (Fig. ). 
we leaded in Sec! 2-5 that, in a simple circuit like Fig. 9-3, the capacitor 
voltage rises according to a curve (Fig. 9-4). That is. the capacitor- 
voltage waveform isn't linear. 

We note however, that during the early part of the waveform of Fig. 9-4 

We apply to the grid of the tube V, in Fig. 9-5 the voltage waveform shown 
in Fig 9-6a Initially the waveform of Fig. 9-6a has a voltage that ma es 
V, conduct “heavily. The resulting vdltage drop across K holds the plate 
nf V (and therefore the upper terminal of C) at a low voltage min 
tJi 1 Ttlg ?■£ M uJZ K in Fig. 9-6,. .hi. input ..vntorm m.k« 
the grid so negative that V, doesn't conduct plate current. Thu* », is 
effeefively out of the circuit, so that the capacitor C simply char 8 eb thr0 ^ h 
the resistor R toward the supply voltage %. Figure 9-6b shows the result- 
fj* output capacitor-voltage waveform. At instant M, the grid-input voltage 

waveform (Fig. 9-6a) again rises to its initial J? 1 "* di^rge to 

heavilv The resulting voltage drop across R allows C to discharg 
Se low voltage as shown in Fig. 9-6b. We use the rising voltage 

that appears across the capacitor, during the interval from instant t 
instant^V, as the runup portion of the time-base-generator output wavefor . 
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The capacitor voltage remains at the value £ TO ,„ until we a 8 ain make the 
gri? neg*Uve L .. in..an« .V. whun . new runup punion ol the ou.pu, w.ve- 

form begins. 

In the preceding sequence of operations, note that the rate of ri se (slope) 
of the runup portion oTtheoutput waveform is determined by the time constant 
R c /gee 2-5) Thus the two circuit components R and C set the horizon - 
deflation" speed of the cathode-ray-tube spot. To move the spot rapidly 
across the Screen we use small values of R and C. For s ow sweeps. 
ie use large values of R and C. We call C the tlmlng capaclto£ and w e 
rail R the timing resistor. We select R and C--and therefore the hori 
zontal swe ep rate-by -^eans of the TIME/CM (or TIME/D1V) switch.* 

When we use the time-base generator Just described, the runup portion of 
the output waveform always curves at least a little. We can * e 

linearity by increasing the supply voltage %, or by stopping the ca Pac t - 
•"areing operation earlier, or both. But there are more convenient and 
- vs to improve the linearity. We shall study some of these 
methods . «e consider a few details of the operation of the circuit 

of Fig. 9-5. •* 
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Fia 9-4 In Chap. 2 we learned that the capacitor voltage In Mg. 9-3, 
g that we want to use as a ramp voltage, actually rises along a 

curved graph .solid line shown here). But suppose we discontinue 
the charging process at an early Instant (point W). Then the 
capacitor-voltage wavefornf doesn't differ extremely from the 
linear ramp voltage waveform we want (broken line). 

9-3 Gating waveform. A gating waveform (gate) is a controlling waveform 
that we apply to a circuit for either of these purposes: 

1. To permit the controlled circuit to generate some waveform while 
the gating waveform is present. 

*On various oscilloscopes, this switch may be marked SWEEP RATE, 
SWEEP RANGE, SWEEP TIME, or SWEEP TIME/C.M. 
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2. Or to permit the controlled circuit to transmit some waveform while 
the gating waveform is present. 

For our present purposes 9 let's consider the first use of a gating waveform-- 
to permit a controlled circuit to generate some waveform. 



Fig. 9-5 A basic form of time-base generator. We apply the gating 
voltage waveform of Fig. 9-6a to the grid of Vj in Fig. 9-5. 

At first, this grid-voltage waveform allows a heavy plate current 
to flow so that the plate voltage remain* low in Fig. 9-6b). 

Then during interval KM in Fig. 9-6a, the gating waveform cuts 
off plate current In l,. Then C in Fig. 9-5 aimply charge, 
through H toward the supply voltage K u (Fig 9-6b) Before 
this vapat I tor-voltage curve bc\omea extremely t urved (broken 
line in I Ig 9 6b), the gating waveform again allows plate 
current to (low in V| (Instant M In Fig. 9-6). Ihua the v, 
plate voltage--which la also the capacitor voltage in Fig 9-5- 
drops back to K mtn . In this way we can achieve the result 
shown in Fig. 9-4. 

For a gating waveform, we commonly use a rectangular wave--for example, 
a voltage waveform that varies between two definite voltages. We see that 
the grid-input waveform of Fig. 9-6a is a gating waveform. When the gating 
waveform has its more negative value, the circuit of Fig. 9-5 can generate 
the runup waveform of Fig. 9-6b. When the gating waveform has its more 
positive value, the circuit of Fig. 9-5 returns to its quiescent condition. 

We sometimes call a gating waveform a keying waveform. 

Later in this book we shall study circuits that can generate gating wave¬ 
forms. For the present, let us simply note that we-can use gating waveforms 
to control a time-base generator--that is, to start and stop the runup portions 
of the time-base-generator output waveform., 
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_ . riamnina rircuits We very often use dc-coupled circuits to amplify 
_C lamping ciru m . Y d pply this waveform 

“ srxssn 

make wch torizont P wave f 0 rm return to the same quiescent 

sx ~ rz 

output waV ® forr ^ t0 1 '^ j! xed |^r"setting the*maximum positive excursion of 

™U«. el ofTi e .%-6.-Lraby th. — - pl.« 

current in Vj. 




(a) Input gating voltage that 
we apply to the grid of l'j 
in Fig. 9-5. The higher vol¬ 
tage K, allows heavy plate 
current to flow in VJ. The 
lower voltage Kj cuts off 
VJ plate current. 

(b) Graph of V, plate vol- 
t age - name aa the voliage 
across capacitor * In Fig. 
d-5. At timea other than 
the interval KM, V, conduct* 
heavy plate current. Outaide 
interval KM, then, the 
resulting voliage drop 
across K In Fig. 9-5 holds 
the capacitor voltage at K mm 
in Fig. 9-6b. We say that V/ 
clamps the lower extremity 
of the capacitor-voltage 
waveform at K mm . And we 
call the circuit of Fig 9-5 
a clamp-tube time-b aa egtfjL: 
erator. In interval K M, 
J^Uitor C charges toward 

as described in Fig. 9-5. 


In Fiiz 9-5 the circuit that includes V, can be called a clamp circu it 
pur posts'" and * U1 these 

F»”' 


-r * ctrr o c; rhpn is a case where a clamp circuit establishes 

rtieT negative 6 extremity of the output sawtooth waveform at the dc level E mtn . 

We shall discuss other forms of clamp circuit as the need arises. 


, « rimp-hase eenerator. As we have already learned (Sec 2-5) 

the rlTlrTe curvatSr T T TThe capacnor-voltage curve of Fig.^4 
is that the capacitor voltage opposes the supply volt g w>* 
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as the timing capacitor C charges to some given voltage, this capacitor 
voltage opposes the supply voltage so that a smaller charging current 
flows into C. Thus, during the charging process, the charging current 
becomes steadily weaker so that the capacitor voltage rises at an ever- 
decreasing rate. 



Fjg. 9-7 A hypothetical way to modify the tlme-baae generator of Fig. 9-5 
and thua Improve the linearity of the ramp output waveform of 
Fig. 9-6b. Assume here that we can find a way to elide the 
movable contact on R, In Fig. 9-7 automatically to the right, 
raising the "supply” voltage t. as faat a* C charges. In this way 
we might keep on charging C with a constant charging current , 
so that the output voltage across C rises at a con stant rate. 


We need to find some way to keep the charging current up to the value it 
had at the start of the runup portion. Then we can make the capacitor 
voltage rise in the desired linear manner. In other words, the basic problem 
of generating a linear runup is: How can we keep the capacitor-charging 
current constant? 


One approach to this problem is shown in Fig. 9-7. Here we connect 
the upper end of the timing resistor R to the movable arm of a variable 
voltage divider Rj. Suppose for the moment, that we can provide some way 
to slide the movable contact automatically toward the positive end of Rj as 
the timing-capacitor voltage increases. That is, the "supply" voltage 
E rises just as fast as the timing-capacitor voltage rises--so that the 
capacitor-charging current remains constant . In this way, we can generate 
a linear runup. 

Of course, we can't provide the mechanical arrangement just suggested-- 
except possibly for waveforms that rise quite slowly. But we can arrange 
an electronic system that operates in somewhat the same way, as follows. 
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„ . „ rhe left of the dotted line, the time-base generator 

Figure 9-8 shows to lhe voltage waveform of 

of Fig. 9-5. We apply to the: grid of V, ^ ^ runup i nitU lly, 

Fig. 9-9a—the gating wavefor »J ^ ^ that makes Vj conduct heavily, 
the waveform of Fig. D 7 atecurren t flows not only in the timing resistor 
That is,a relatively large V, platec perfect conductor. Therefore 

R but in the diode V, of Fig. ™ 1 “Jeffective V, "plate-supply" 

the resulting voltage[ fJJ “V (Fig. 9-9b) that is somewhat lower than the 
voltage E at an initial valu l ermore the Vj plate current causes 

toV '‘S A resistor «'-« rh., the V, piste 

voltage £ m tn (Fig- 9-8c) is lower than E t . 



Fig. 1-8 A boo<«r.p l« 

fT» *T a ££* ,h * t : r? vo !fT 

zt. o,r,ng thi» 

t, that Is ampler than the po PP ^ -Therefore t\ in 

reuult of the voltage drop acro * b ^ ^ he difference 

-r-r rpS:- 

71/ss - is 

died, i, at instant P In FlgJ n.^ ^ |he rall , ge .cro.. 
charge back (ntolhe ** vol( ^ t: con.l.mly l. volt, higher 
C rises. U keep, tne * r keeps the voltage .cross 

than the voltage across . • ^ht. cottatant voltage drop 

a ro« S ‘r'ltvl'cates a con.tant charging current In C. In thta 
ralaethe voltage^ roaV C to a c onatant me. 


. „ larp of v, to the grid of the cathode follower V*. As 
We connect the plate of j , is almost the same as E min 

a result, the initial V 2 cathod - ® avoltage v fc that is essentially 

(Fig. 9-8c). Therefore capacitor C 6 charges to ^vo g t e relatively 

equal to the difference between E, ™ cum« to C„ won't 

large. Therefore, in 1 ro8 ; C b To simplify what follows, 

appreciably change the voltage V b across H- 
assume that V t remains constant. 
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At instant K in Fig. 9-9a, the grid-input gating waveform cuts off the 
plate current in V, through R and 1$. Thus the timing capacitor C tends 
to charge toward the power-supply voltage E bbt in the manner of Fig. 

But this timing-capacitor-voltage rise also appears at the cathode of >. 
Therefore the voltage at the lower plate of C b rises a like amount. Hut 
we assume that the voltage V b across C b remains constant. Therefore 
the V, " plate-supply" voltage E, at the upper terminal of C*. rises just 
as the timing-capacitor voltage. In other words, the voltage across the 
timing resistor R remains constant at the value V b . But, by Ohm s law, 
this constant voltage across R indicates that the current in R is constant. 
This constant current charges thetimingcapacitor C. Therefore the capacitor 
voltage rises linearly (see the second paragraph of this Sec. 9-5). Figure 
9-9c shows this linear runup output from the time-base generator. 
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Fig. 9-9 Voltage waveform# In the bootstrap lime-base generator .described 

In Fig. 9-8. 

Note that the sum E of the timing-capacitor voltage plus the voltage V 6 
across C b quickly exceeds the power-supply voltage % (instant / in 
Fig. 9-9b). We include the diode V 3 to prevent C b from discharging back 
into the E hh supply. After instant P the electron current that charges 
the timing capacitor C flows through the timing resistor R to the positive 
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• r ■ pi«'rrons flow from the lower terminal of C b through 

v PP m JEX Plate supply To maintain this electron flow we usually provide 
* plate voltage of V t that is considerably higher than the supply voltage 

% for V,. 


Observe too that this electron current that charges the timing capacitor 
C ,l“ 'to discharge C„. An, resulting decrease in the vol age v» 

n rhe runuD linearity. Therefore we make relatively 

large 8 so*" that the timing-capacitor-charging current doesn't change V fc 
appreciably. 


S 


+ £.jbi> 
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Rudimentary Mi Her-runup 
time-base generator V^hen 
we close switch a*, charging 
current for C flows through 
K and «/.. H l also carrfea 
Vj plate current. As f 
charges, this charging cur¬ 
rent tends to fall off. But 
the corresponding decrease 
in the voltage drop across 
H makes the grid of V; more 
negative (Fig. 9-Ub). The 
resulting decrease in V, 
plate current reduces the 
voltage drop across #/.. 
Therefore the V, plate vol¬ 
tage riaea, restoring the 

charging current in C to 
nearly its initial value. By 
thus keeping the charging 
current essentially constant, 
we insure that the voltage 
across r rises at essentially 


Compare the operation of the circuit of Fig. 9-8 with that of the simple 

C bb ' Here the effective'" p^e^uppl 11 /' vgUa^e ^rU^s^fas the Uming- 
capacitor voltage. In this way. we raise the '‘ming-capacitorvoltageiume- 
base-generator output voltage) in a inear mannerasshown by ^s 

/In a sense the "plate-supply" voltage E in Fig. 9-8 is ra sed Dy its 
own bootstraps" through the action of C b . Thus the'name ! 
capacitor" for C k ~and the name "bootstrap time-base generator 

the circuit as a whole.) 


At some instant M (Fig. 9-9) the time-base-generator ramp output vol¬ 
tage reaches the peak value E max that we want from the time-base g enerat0 ^- 

As described in Chap. 11, we arrange the gating-signal source so that at 

instant M the V, grid-input gating voltage returns to its quiescent voltage 
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(Fig. 9-9c). Thus a large V x plate current flows. And the resulting voltage 
drop across R lets the timing capacitor C discharge to its quiescent voltage 
&min • 


9*6 Basic Miller runup time-base generator. Figure 9-10 shows a very 
effective system for maintaining a constant charging current into the timing 
capacitor C, and thus developing a linear runup. Assume that C initially 
holds no charge. If we now close the switch S, electrons flow through the 
timing resistor R to the timing capacitor C. Electrons flow from the upper 
terminal of C through the battery B, then through the plate-load resistor 
R ^ to the positive power-supply terminal. As the charge accumulates in 
C, the resulting voltage across C opposes this charging current. Thus 
the charging current tends to decrease. But any decrease in charging 
current reduces the voltage drop across the timing resistor tf, so that 
the upper terminal becomes more negative. Consequently the grid of the 
" Miller" tube VJ becomes more negative, so that the plate current in 
Vj decreases. Correspondingly, the voltage drop across Rj decreases. 
Therefore the voltage E at the upper terminal of the timing capacitor C 
becomes more positive. That is, if the charging current in C decreases, 
the voltage at the upper terminal of C increases to bring the charging current 
back to its original value. 




(•) Linear (constant rate) 
voltage rise a«. rob* C 
described in Fig. 9-10 

(b) Small variation in V, 
grid voltage (Fig. 10) 
required to keep the charg¬ 
ing current in (* essentially 
constant. This small 
grid - voltage var ration 
results from i*c htnall vol- 
tage-drop thangc acro»» K, 
when the charging current 
in inula to (all oil 






|( 

Briefly, the V\ grid "supervises" the charging current by "observ¬ 
ing" the voltage drop across R. If the charging current falls off, the VJ grid 
reduces the VJ plate current. This plate-current change increases the 
voltage E at the upper terminal of the timing capacitor C - -so that the 
cnargi/.g rer^rr-s to its original value. Since the charging current 

remains essentially constant, we are aole tq develop a linear runup. Figure 

ii 
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9-lib shows how the Vj grid voltage changes, during the output runup wave¬ 
form of Fig. 9-1 la.* 

To see why we include the battery B , suppose for the moment that we 
remove the battery from the circuit (short circuit the battery terminals). 
Recall that we assumed the timing capacitor C contains no charge before 
we close the switch S. Then when we close switch S with no battery B, 
the plate and grid voltages of V x are equal. Under these conditions Vj 
can't operate effectively. Now suppose we place the battery B back in 
the circuit. Then when we close S, the plate is more positive than the grid 
by the amount of the battery voltage, so that the tube can function normally. 
Actually, we ordinarily use a voltage source other than a battery, as described 

later. 


9-7 Practical Miller runup time-base gene rator . Figure 9-12 shows a 
practical form of the Miller runup time-base generator. We apply the 


♦ SOOV 
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Fig. 9-12 Practical Miller-runup tlme-baae generator described in the text. 

• • 

*In passing note hat we have made the runup portion of the voltage 

across C linear. That is , we generate a linear voltage runup between the 

terminal of C and the grid of V,. But the actual output of the time- 
base generator is the voltage between the upper terminal of C and ground. 
Clearly then any nonlinearity in the grid-voltage waveform appears in 
the output waveform. However, we customarily make the voltage gain 
of V, very large-- often several hundred. Therefore, the grid-voltage 
change can be very small, as shown in Fig. 9-lid. Thus the grid-voltage 
changes affect the output-waveform linearity only slightly. 
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gating waveform (Fig. 9- 13a) to point Af in Fig 9-12. At instant A (Fig. 
9-13a) the gating waveform makes point M more negative. Thus the plates 
of the disconnect diodes V 2 and V s become more negative than the cathodes 
of these diodes, so that V 2 and V s don't conduct. Therefore the diodes are 
effectively out of the circuit, and the Miller runup circuit involving VJ simply 
generates a runup voltage as described in the preceding section. 


A B 
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Fig. 9-13 Voltage waveform* In the Miller-runup time-baae generator 
of Fig. 9-12, described in the text. 

We include the cathode follower for two reasons: 

1. In Fig. 9-10, the shunt capacitances of the timing capacitor C and 
of any load that we connect to the time-rbase-generator output terminals 
increase the risetime of the plate circuit of V 2 . Thus in Fig. 9-12 we use 
the cathode follower to isolate these shunt capacitances from the V x plate 
circuit--so that we can use the circuit of Fig. 9-12 to develop a rapidly rising 
runup. 

•. 
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2 When we use the circuit to develop a rapidly rising runup, an appreciable 
charging current flows in C. In Fig. 9-10 this charging current flows in 
the battery B--so that B must be able to handle an appreciable current. 
But in Fig. 9-12 the charging current doesn't flow in B. Instead, electrons 
flow from the upper terminal of C to the V} cathode-to-plate circuit. 
Thus we can replace the battery B with a neon lamp B, as shown--even 
though the neon lamp can't handle very much current. The neon lamp 
has a constant-voltage characteristic, which keeps the voUage betweenthe 
neon-lamp terminals at a fixed value of about SO volts while the lamp 
receives current through Rg. Thus we keep the plate of V, at a higher 
voltage than the grid of V,. Accordingly in Fis^9-13b the plate of V, starts 
about +50 volts and runs up to about + 200 volts, while m Fig. 9 3_ 

u ^ y. (and therefore the cathode of \\) starts at about 0 volts 

and runs -t +150 volts. 

Resistor R\ damps out any oscillations that Bj might tend to generate 
as a neon-tube oscillator. Capacitor Cj bypasses rapidly changing signal 
components around B, and ft,, so that the circuit can generate rapidly rising 
runup waveforms. Resistor Rg is a " parasitic suppressor." reducing any 
tendency of VT to operate as a self-excited oscillator in conjunction with 
stray circuit constants. (We use such parasitic-suppressor resistors-- 
perhaps 100 ohms or less--in series with various grids in oscilloscope 
circuits to avoid possible self-oscillation.) 

The protective neon lamp B,> prevents the grid of H from becoming too 
positive with respect to the cathode of H during the warmup period when 
we turn the instrument on. Bo normally doesn't glow after the instrument 
has warmed up. 

The bootstrap capacitor C 2 (Sec. 6-10) improves the operation of the 
time-base generator in developing rapidly rising runup waveforms. 

To stop the runup portion of the output waveform (Fig. 9-13b) we make 
the gating waveform more positive at instant B (Fig. 9-13a). As a result, 
diode Vg conducts, so that electrons flow through the timing resistor ft, 
through V 2 , and through the gating-waveform source. The timing resistor, 
diode Vg and the gating-waveform source act as a voltage divider, so that 
the grid of V; becomes less negative as shown in Fig. 9-13d. As a result, 
the plate current in V) increases so that the plate vol «8 e of l / dr °P" 
rapidly (region H in Fig. 9-13b). Consequently the gr d--and thus the 
cathode—of Vi become less positive. (The cathode voltage of t (Fg. 
9-13c) drops a little less rapidly than the plate voltage of V,. since the 
upper terminal of C has to receive electrons from the-150-volt supply 
via K *.) 

Wc must make sure that the cathode voltage of V 4 (that is. the output voltage 
of the time-base generator) falls only to some fixed value and no farther. 

That is we must establish the negative extremity of the output wave orm a 

some fixed dc level. We accomplish this clamping action as follows: When 
the cathode voltage of Vi (that is .the output voltage of the time-base generator) 
drops below the gating-waveform voltage at point M, diode VJ begins t 
conduct. The current in V s causes an appreciable additional voltage dr p 







across R k . Therefore the upper end of R k --the output terminal--can fall 
only to a voltage that lets V 3 conduct. 


9-8 Miller rundown time-base generator . The Miller runup time-base 
generator we just studied is oneof a family of circuits called Miller Integrator 
circuits. Figure 9-14 shows in simplified form a Miller integrator called 
the Miller rundown time-base generator. In the Miller rundown circuit, 
we connect the timing resistor to a positive supply voltage--instead of to 
a negative supply voltage as we did in the Miller runup circuit. 



Fig. 9-14 Rudimentary Miller-rundown time-baae generator. Aaeume that 
f is initially charged to an appreciable voltage (upper terminal 
of C positive). When we cloee switch S, we thus connect the 
two terminals of C to points that have about the same potential. 

Therefore C discharges through R and Reproducing a rundown 
output ramp voltage (Fig. 9-15a). If the discharge current from 
C decreases, the resulting voltage-drop change acrose R raises 
\he V) grid voltage (Fig. 9-15b). The resulting V, plate-current 
rise lowers the plate voltage L' (Fig. 9-14)—forcing more charge 
from C. By thus keeping the discharge current of C essentially 
constant, we Insure that the output rundown ramp voltage falls 
at a constant rate* 

% 

To understand the basic operation of the Miller rundown circuit, assume 
that the timing capacitor C is initially charged to some rather high voltage, 
the upper terminal of C being positive. When we close the switch S , we 
connect the two terminals of C to points that are at roughly the same potential. 
Therefore, C discharges through the plate-load resistor R/_ and the timing 
resistor R. As C discharges, the voltage at the upper terminal of C drops 
according to the graph of Fig. 9-15a, producing a negative-going output 
waveform (in contrast to the positive-going output waveforms we have 
been studying). As the capacitor voltage decreases, the discharge current 
tends to fall off. But any decrease in discharge current reduces the voltage 
drop across the timing resistor R--so that the grid of V t becomes more 
positive (Fig. 9-15b). Consequently, the plate current in V , increases, and 
the voltage E at the plate of V; correspondingly drops. Thus the discharge 
current in C remains essentially constant so that we develop a linear 
rundown voltage across C, as shown in Fig. 9-15a. 


fin a practical circuit, of course, we don’t include the switch S. Instead, 
we start and stop the rundown portion of the output sawtooth waveform by 
means of a gating pulse. For example, suppose we use a pentode as a 
Miller rundown time-base generator. And suppose we hold the suppressor 
voltage sufficiently negative to prevent plate-current flow. Thus the plate 
voltage is high so that the timing capacitor is charged. To start the rundown 
portion of the output waveform, we can apply a positive-going gating voltage 
to the suppressor so that plate current flows. Then the time-base generator 
develops the rundown portion of its output waveform as Just discussed. 
When we return the suppressor gating voltage to its negative extreme, 
plate current stops and the generator-output voltage returns to its quiescent, 
highly positive value. 

f 

9-9 Phantastron time-base generator . A phantastron* time-base generator 
is a Miller rundown circuit that generates its own gating waveform in response 
to an input triggering waveform that might be only a brief pulse. ** 

°-16 shows one form of phantastron time-base generator. When 
the circle jcent, the screen of Vj conducts heavily so that the screen 

voltage is low. The voltage divider R D that supplies the screen voltage also 
supplies the suppressor voltage; therefore the suppressor voltage is also 
low. This low suppressor voltage prevents plate current from flowing, so 
that the plate voltage is high. 



Fig. 9-15 Voltage waveforma In the Miller-rundown time-baae generator 
of Fig. 9-14. 


* Some users have considered the operation of this time-base generator 
to be fantastic; hence the name phantastron . 

•• Circuits that generate triggering waveforms are described later in 

this book. 
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To make the circuit generate a rundown waveform we apply a brief negative¬ 
going triggering voltage (Fig. 9-17a) to the plate of Vj. Since the voltage 
across the timing capacitor C can't change instantly (Sec. 2-1), this negative¬ 
going trigger voltage also reaches the grid of Vj (instant A t Fig. 9- 17b). 
As a result, the screen current drops qo that the screen voltage rises 
(Fig. 9-17c). Capacitor Cp couples this screen-voltageriseto the suppressor 
(Fig. 9-17d) essentially without loss in the voltage divider Rp , The increased 
suppressor voltage allows plate current to start, so that the plate voltage 
drops (Fig. 9-17e). The drop in plate voltage lowers the potential at the 
left-hand end of the timing capacitor C. Therefore discharges through 
the timing resistor R. Thereafter the time-base generator develops a linear 
rundown after the manner of the Miller rundown circuit (Sec. 9-8). 


+ 



Fig. 9-16 Phantastron time-base generator, basically like the Miller- 
rundown generator (Fig. 9-14). But the phantastron generates 
its own gating waveform (the positive-going suppressor-voltage 
rectangular waveform of Fig. 9-l7d). The circuit initiates the 
gating waveform In response to an input triggering waveform 
that might have any of a wide variety of wave shapes--including 
that of Fig. 9-17a, for example. Initially, the suppressor voltage 
is low so that no plate current flows and the electron flow is 
diverted to the screen. Thus the screen voltage is initially low 
(Fig. 9-17c). And the plate voltage Is- clamped by diode 1,# 
at a high value (Fig- 9-17e). At Instant A in Fig. 9-17, 

capacitor C couples the input negative triggering waveform a 
from the plate to the grid of V), reducing the screen current. 
Cf, in Fig. 9-16 couples the resulting screen-voltage rise to 
the suppressor, starting the plate current. Then the circuit 
develops a linear rundown ramp In the manner of the Miller 
rundown circuit. When the plate voltage falls sufficiently, the 
screen again captures the electron flow and the circuit returns 
to its initial quiescent state (instant If, Fig. 9-17). 


After a time, the plate voltage drops so low that the plate no longer 
strongly attracts electrons. Therefore the screen captures the electrons 
from the cathode, so that the screen voltage drops and the plate voltage 
rises (instant £, Fig. 9-17). 

When the plate voltage rises to a certain value Eq P (Fig. 9-17^), diode 
Vg begins to conduct. Current in Vg causes an additional voltage drop in 
R l so that the V} plate voltage can't ri$e appreciably above the voltage 
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_ . . . v inducts Thus Vg clamps the positive extremity of the 



Fig. 9-17 Voltage waveforms In the phantastron circuit of Fig. 9-17 


Here we can consider that the suppressor-voltage waveform of Fig. 9-174 
constitutes a Dosltive-going gating waveform, developed by the phantastron 

At instant A the input triggering waveform of Fig. 9-17a starts tne g 
(Fig. 9-17d). At instant B the electron-flow transition from the p ‘ ate “ 
the screen drops the screen voltage and ends the gate waveform of Fig. 9-17d. 

Rather than apply the negative-going triggering waveform of Fig. 9 ' 17 A 
to the plate circuit of V, in Fig. 9-16. we can alternatively apply a P°sin¬ 
going triggering waveform to the suppressor of Vj. In this latter operation, 
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the positive-going triggering voltage at the suppressor starts the plate 
current. The timing capacitor C couples the resulting plate-voltage drop 
to the grid. This grid-voltage drop reduces the screen current, so that 
the screen voltage rises as in Fig.9-17c. Thenceforward the circuit operates 
in the manner just described for the case where we applied a negative¬ 
going triggering waveform to the plate circuit. 

9-10 Stability control for the phantastron circuit . In some cases we want 
a front-panel control by which we can put the phantastron time-base generator 
in any one of three operating conditions. 

1 . Triggered operation . where the time-base generator delivers an 
output negative-going ramp voltage waveform in response to an input trigger¬ 
ing waveform, as just described. 

2 . Or free-running operation , where the time-base generator delivers 
successive sawtooth output-voltage waveforms (Fig. 9-17c) in a periodic 
manner without regard to whether we apply external triggering waveforms 
or not. 

3 . Or the off condition, where the time-base generator does not deliver 
any ramp output waveform. Instead, the time-base-generator output-circuit 
voltage simply remains at its quiescent value, even though we might apply 
external triggering waveforms. 

To provide such a front-panel control, we can make R$ in Fig. 9-16 
a variable resistor instead of a fixed resistor. We then label R s as the 
STABILITY control. Suppose first that we set this STABILITY control 
for a small value of resistance (at or near the full-left or counterclockwise 
position). Now the voltage-divider action of Rs and Rp (Fig. 9-16) thereby 
sets the quiescent suppressor voltage (Fig. 9-17d) at a low value. 

This low suppressor voltage prevents V t plate current even if we apply 
external triggering waveforms of any ordinary amplitude (off condition). 

Next suppose we set the STABILITY control R s for a large value of 
resistance (at or near the full-right or clockwise position). Thus the voltage- 
divider action of R S and % in Fig. 9-16 sets the quiescent suppressor 
voltage Eq S (Fig. 9-17d) at a relatively high value. This new higher value 
of allows Vj plate current to resume almost as soon as the plate- 

output voltage (Fig. 9-17e) returns to its quiescent value Eq p after the end 
of each ramp. The resulting plate-voltage drop reaches the grid of V, by 
way of the timing capacitor C. The corresponding F, grid-voltage drop 
reduces the screen current, so that the screen voltage rises. Cp couples 
the screen-voltage rise to the suppressor, augmenting the plate-current 
flow. In this way a new output rundown ramp starts even without any external 
triggering waveform (free-running operation). 

Por t riggered operation . we must set the STABILITY control Rj in 
Fig 9-16 for a resistance sufficiently large to apply, by voltage-divider 
action Including' %. an appreciable dc voltage to the suppressor of V,. 
In this way we ensure that an incoming triggering waveform can start 


9-19 


v , plate cetreet. 
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the point where free- running operation cease . 
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MULTIVIBRATORS 

In previous sections, we learned of the need to generate gating wave- 
forms (Sec. 9-3) and triggering waveforms (Sec. 9-9). We commonly 
use multivibrators to generate these two kinds of waveforms. Other uses 
of multivibrators are in square-wave generators and in frequency dividers. 

A multivibrator typically includes two tubes (V, and V s in Fig. 10-1). 
The multivibrator changes alternately from one of two definite states to 
the other. These two states are: 

1. A first state when V, does not conduct plate current, while V 2 conducts 
appreciable plate current.* 

2. And a second state where V, conducts appreciable plate current, while 
V 2 does not conduct plate current. 

(Between these two definite states, the multivibrator goes through a third 
brief transitional state while the plate current switches on in one and 
off in the other tube. We can call this third state the unstable state of the 
multivibrator.) 


10-1 Basic multivibrator. V\e 
connect two tubes l, and 
Vg so that each tube in¬ 
fluences the plate current 
in the other. When V ; con¬ 
ducts plate current, Vj can 
thereby hold V,. in plate- 
current cutoff--and vice 
versa. 


10-1 Plate-coupled astable multivibrator . An astable multivibrator switches 
successively from one of the two definite states just mentioned to the other 
definite state and back again, without requiring any external signal to produce 
the switching action. That is, the astable multivibrator can operate in a 
free-running manner, producing an output waveform whose repetition frequency 
depends upon the circuit constants of the multivibrator. 

Figure 10-2 shows a plate-coupled astable multivibrator . From a simpliliod 
viewpoint, the operation is as follows. When we apply power to the circuit, 

*Some treatments state that one of the tubes is cut off while the other 
tube is saturated. However, the plate current in the conducting tube doesn't 
by any means have to equal the usually heavy current implied by the word 
saturation . Therefore we shall simply say that one tube is cut off while 
the other conducts . 
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tZJ ‘ i.iri iheptee current in V, Uecrea.e, no .h„ rhe pi.re 
voluge o, V, r««. TO. <* 

The resulting voltage drop at the plate of V* places the grid voltage of 
V. appriSy below® the cut-off point. Therefore V, can't conduct until 

aLve diS c?tof7 eS Wh h en OU ? slarTto conduct cfcouples the resulting 

reversed- -V t conducts appreciable plate current and V* is cut off. 

The above actions repeat themselves indefinitely, with the two tubes 
alternately conducting. The time interval during which each tube conducts 
are supply voltage, me 

the time constants of the combinations R,C t and Rj t*. Whe 'i * 

^“can'ex^tTe STiuCf ^conduct Tr approximately eqial intervals! 
and we say that the multivibrator is symmetrical. 
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2 Plate-coupled astable multivibrator. As described in SeciL 10-1 

and 10-2 this multi vibrator can operate m a free- running man ^ 

in such operation V,. for example, first conducts P»«« 
while V, is cut off. Then V, conducts while V t is cut off. Plate- 
current conduction periodically switches back and forth between 
v; and v<. The repetition frequency of this switching actio 
dloe^ds among other things, upon the time constants 
an!T k',C, Thus for a "coarse" frequency control, we van 
^tch ‘various values of these resistances and capacitances 
into the circuit. i 

~ *Even if the tub i? were theoretically balanced, normal variations In 
electron flow (tube noise) would quickly cause the instantaneous plate 
current in one tube to exceed that in the other tube. 







Fl|t, 10'3 Plate- and grid-voltage waveforms lor ^ and v t in Fig- 10-2, 
as described in i*iL\ 10-2, 


10*3 Detailed operation of .pi ate-coupled astable multivibrator . In this 
section f let's study the detailed operation of the multivibrator of Fig, 10-2 t 
by means of the waveforms of Fig. IQ-3, 


a. Conditions at instant a » The following four paragraphs describe con¬ 
ditions that exist at some instant A as shown in Fig, 10-3. 

1, At instant A (Fig. 10-3a) the capacitor Cg contains a charge such that 
the left-hand terminal of C g is negative with respect to ground, (The manper 
in which acquired this charge will be described shortly*) Let the negative 
voltage at the left-hand terminal of C# be sufficient to cut off the place 
current of V u Thus the plate voltage of Vj (Fig, 10-3_b) is equal co the 
supply voltage * 
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, rv 4 = , r essentially ground potential (Fig. 10-3c). 

2. At instant A the gndof V,- is at essen £8.,, y positive, so that a few 

In fact, we can assume that t te g ~ h R we make Hj large, SO that 

electrons flow from the ***** h ^ ^ % Thus the grid ^ X,»« 

2 sjzm sr-ns-st’ r / -j 

• «■ —- Tv 

-•** s **- . > 

. . , ,r ia clamped about ground potential (paragraph 2) 

4 . Since the gnd of* i> There fore the plate voltage of 



h Action during the_jnterval__fi. The o 

A In Fig. 10-3. 

5 Capacitor % discharges through _ H 2 . 

of c, land therefore the grid of X) 

H of Fig. 10-3a. since X 

below cutoff, the other circuit 

r c„,it-r-hiTip action funstabl^tE^mstant 

a. ?vsfcS 35 S 

Thus the plate current In X decreases. 

St. * «-j fc 2TS5SSSSif 

' ™° ■“£* d ,ol«. Of V, rises, (b) the F 
falls, so tnac 6 »oiraee of Vs falls. Consequent 

, riS * S :Jt Conduction to cutoff; and X makes a rap 


Thus the left-h. 
becomes less negative as show 
nevertheless is still operating 
conditions remain unchanged. 


voltage of V 


aeeTnstantly. There : 
isitive value t ; c ; (Fig. 
grid of X. This grid 








current provides electron flow into the left-hand terminal of Q. A cor¬ 
responding number of electrons flows from the right-hand terminal of 
through The resulting additional voltage drop across R± slows 

tire rise of the plate voltage of V a (interval i> % Pig. 

9 When the plate voltage of V* stabilizes at the supply voltage 
the charging current in C t drops off, TbertTore the voltage drop between 
the cathode and the grid of V, (that is, the grid voltage oi VJ) decreases 
slightly (interval U t t ig. 10-3a). Hut a small current still flows m the 
grid of V 2 , This grid current flows in tcUimpuig 
the grid of V) at essentially ground potential (compare the situation m 
paragraph 2, for the grid of Vs). 

10, As described in paragraphs 8 and 9, the plate- voltage rise of V 2 
drives the grid of V t briefly positive; then the grid of l 2 returns to a voltage 

near ground (interval I>, Fig, 10~3a), 

\ oLi^makes the p hire current of larger zjmzt interval rT scuuut 

th TpiatT^okage lhl£ 

Vxplams the brief dropuT^Fe plate voltage of Vj shown in interval I> of 
Pig, 10-31), and the corresponding negative excursion in the grid voifage 
of V# shown in interval & of Fig. 10-3c, 

H 9 When V 1 goes into plate-current conduction (paragraph 7), the plate 
voltage of Vj drops from the supply voltage % to a lower voltage E hi (Fig, 
10-3b), But we noted (paragraph 3) that C\ was charged to approximately 
the supply voltage E bb . Since the voltage across Cj can't change instantly, 
we have now driven the grid of Vg negative by the amount of the difference 
between E bh and % (Fig. 10-3c). Thus t in the interval E following the 
interval D t V} continues to conduct while \% remains cut off--so that all 
circuit conditions remain fixed except that C\ discharges through i. } as 
shown in Fig 10-3c, (It was in a similar manner that C 2 received the 
charge described in paragraph l-excepc that C 2 was charged during the 
preceding half-cycle of multivibrator operation,) 

The above actions complete the first half-cycle of multivibrator action. 
C, now discharges through R u according to the curve of interval 8'of 
Fig. 10-3c. When this discharge allows the grid voltage of to rise to 
the cut-off voltage E f0 , V 2 a S ain conducts ^ v i S oes inco cum£f * that 
the full cycle of operations is complete. 

10**3 Output connections. Perhaps the output voltage waveform we most 
"often want from a muitivibrator is a square wave, or approximately a 
square wave. Figures lG-3b and d show the voltage at the plate of either 
tube in the plate-coupled astable multivibrator is roughly a square wave. 
(If we want to remove the upper rounded corner and the lower spike ( we 
can use subsequent wave-shaping stages--usually over-driven amplifiers.) 

But the load circuit we connect to a multivibrator plate might adversely 
affect the multivibrator waveform. To avoid this possibility, we can connect 
a small resistance in series with the cathode of one of the multivibrator 
tubes. Then as the tube switches from cutoff to conduction and back again, 
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a if we connect the load circuit to the 

TpSe, Seload Will ordinarily have little effect 

on the output waveform. 

Sometimes »= need a eep.™,= "n^S'roTm 

r JT 3 SS£ “TS” 

cathode Circuit of the other multivibrator cube. 

repetition frequency of t . p ' i n Fia 10-2 Thus we can provide 

rJS. * •— Of 

these resistors and capacitors. 

T nr , fine contr ol of the repetition frequency, we can connect the grid 
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fh« caplcLr^f, and O more 
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frequency of the multivibrator output waveform. 
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i ia 1U-4 A modi 11*1 turTnuOrie ptbii* 

LfHipluJ multivibrd- 

lor. As descrUJ«J ln 
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ua to hjumUm fht Y t 
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, „ rhe relative amount of time occupied, during each 

We often need to control the r negative portions of the output 

operating cycle, by the P 06111 ._ . . to ad hist the multivibrator so that 

waveform. In other words we h j put wave form occupy equal 

the positive and the negative pontons -eA ln the tubeS or circuit 
time intervals -regardless of mod h multivibrator so that the 

components. Or we might want to ^py different 

positive and the negative portions * *f 10 -4 shows how 

Ume intervals, according to some desired ratio, figure to 





we can incorporate a symmetry control This control raises the ,r supply 11 
voltage for the plate (or screen) of one multivibrator tube while lowering 
the corresponding rr supply 11 voltage for the other multivibrator tube. The 
resulting adjustments in plate current determine the amount of plate-voltage 
change that occurs when a multivibrator tube goes from cutoff into conduction. 
Correspondingly, the amount of this plate-voltage change determines how 
far into the cut-off region we shall drive the grid of the other multivibrator 
tube. And therefore we can control the relative lengths of time required 
for the grid voltage to rise to the cut-off point--thus controlling the relative 
time intervals occupied by the positive and the negative portions ot the 
output waveform. 


10-5 Synchronized operation; frequency division . We sometimes need io 
make the multivibrator generate its output waveform in synchronism with 
some other externally generated waveform. As an exam pie t we might 
need to use a standard-frequency source to control the repetition frequency 
of the multivibrator output waveform- 

Figure 10-5 shows a way of applying synchronizing waveforms to a 
multivibrator. (Spike pulses make perhaps the best synchronizing pulses ( 



l m apply #n van-rmil uyiKfiruni/m* io ihv plate- 

touplrtl inulMvitirdiwr lU-Si. Wnh syHient 

wt L jfi mafct' The muliiuTlir*tor rvfKMtiun JrequL-m y 

tu rhe s-yn:hTPniZmgign4l freqevrt'y, or to tlw syochiwUli^ 
signj] frequency divided by come whole number 

but we can usually successfully use other synchronizing waveforms.) Suppose 
we apply a positive-going spike (Fig. 10-6a) to the grid of the amplifier 
tube V£. The amplified waveform that appears at the plate of Vj is a negative- 
going spike (Fig. 10-6b). We apply this negative-going spike to the plate 
of the multivibrator tube V u by way of the diode VJ. Assume that V) is 
cut off (and therefore that v t conducts plate current). Thus the voltage 
at the plate of VJ is high, and the diode 1; can transmit the negative-going 
spike from the plate of VJ to the plate of VJ. Capacitor ( j couples this 
negative-going spike to the grid of % Since V s is conducting, the spike 
appears at the plate of V g as a positive-going spike (Fig. 10-6c). Capacitor 
p. couples this positive-going spike to the grid of VJ. But while V/ is cut 
off, the voltage at the grid of VJ (Fig. 10-6d) is rising toward the cut- 
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off voltage according to ^fT^irsufacLnlly 0 ^!©^^ to the; cut-off voltage. 
U the voltage at the gn 1 w(U be Bufflcletlt to make VJ start to 

the additional positive-going P R io-6e). Then the multivibrator 

conduct at instant h (solid-line cu S ^ manner . Thus we have 

switches conduction from ^. i i without the synchroniz- 

made V, conduct ”°" ,J ° Hg10-6. shown the instant >. at 

““ J “ ,lon - *• 01 the sy " chro, '“ n ‘ 

pulse*) 



i/ chnnldnk eo into conduction before 
It is essential to this operation . ^ ^ v ,_ correspondingly, we 

the synchronizing puUe a frequency of the multivibrator to a value 

SS £ T^AJLy of the synchronizing puiscs. 

TUC circuit o, Pi*. IM 

Suppose, for example, that k * frequency of the input syn- 

vibrator on,,.. woveto^r, «o be »"«'!ree-™°ul^Trequo-V ... the multi- 
chronlzing waveform We adj fmh the synchronizing frequency, 

vibrator to a value slightly lower t • £ifth pulse from 

Then, if the synchronizing JuUes^ conduction 

the synchronizing source will b J ^ ^ amplitude of the synchronizing 

“u‘« m^ni; b, ntetti of • «— rnuisfor In the tuopltfior 
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Ij. In this way we control the operating point of V 3t and thus we control 
the voltage gain of VI,.) 

When V, conducts plate current, the voltage at the plate of diode v; is 
low (less positive than the cathode of H)- We note, then, that the diode 
\ 4 can't apply synchronizing pulses to the multivibrator circuit until the 
latter part of the multivibrator operating cycle. 
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hy - whottf number (herr, mii (r«|utmy-divi*lon m »>. 

1 0-6 Monostable multi vibrators, * A monostable multivibrator has two 
definite states: 

l ^ first state (called the stable state) where \\ does not conduct plate 
current and where V-, conducts appreciable plate current. The multivibrator 
remains in this first state Indefinitely unless we apply an external actuating 
signal, 

2. And a second state (called the quasi-stable state) where V, conducts 
appreciable plate current, while V x does not conduct plate current. We 


»A 'monostable multivibrator is variously called a flip-flop, a single¬ 
shot a one-shot, a univibrator, a single-cycle, a single-step multivibrator, 
a delay multivibrator, or a gating multivibrator--depending somewhat upon 
the purpose for which the circuit is used. 
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use an external actuating signal to make the multtvibrator ^su^e the 
ouasi-stable stage. After an interval chat is determined by the circuit 
constants of the multivibrator, the circuit returns to the first or stable 
state- remaining in this first state until we apply another actuating signal. 

The multivibrator goes through a transitional or unstable state while 
the plate current Is being switched on in one of the tubes and off in the 

other tube* 

The corresponding output waveform from the monostable multivibrator is 
a rectangular voltage pulse of definite duration that occurs only in response 
to an input actuating signal. 

Sections 10-7 and 10-8 detail the operations of two forms of hnonostable 
multivibrator. 



-£ce 


Flu 10-& Plate-coupled monostabir multivibrator (Secs. 10-* and 10-7L 
Here VL coroJucic currem while 1} ts cut off (stable mace) 
This condition continues until we ap'piy'fc negative-going input 
actuating signal. The tffetts Ql actuating signal^ are to 
switch V± Into plate-current conduction and to cut off L i quasi- 
suttie state). After an Interval that depend* principally upon 
ihe tinue-cowrtant A^ihc multivibrator returns to us original 
stable state. 


Plate-coupled monostable multivibrator, a. Stable statjb 


1 Figure 10-8 shows a plate-coupled monoscable multivibrator. In 
the 'stable stage (interval ,AB, Pig. .10-9), the grid of V* is clamped at 
essentially ground potential (Fig. 10-9b).* Thus V g conducts appreciable 
plate current, so that the plate voltage of V", (Fig, 10-9c) has a «due 
P B bi that is lower than the supply voltage E bi . We select the w ^age-di 
resistors R* and R s so that the corresponding voltage at the grid of , ( g- 
10 -9d) is more negative than the cutoff voltage ° f at ^ ofv ^ 109e ) 
conduct plate current, so that the voltage at the plate of V, (Fig. 10 9e) 

Is the supply voltage E bb , 


■Compare wlth ' S ^ 10-2, paragraph 2, for the case of the astable multi¬ 
vibrator. 
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2, Since the grid of V 2 is clamped at about ground potential, and since 
the plate of Vj is at the supply voltage E^ capacitor Cj is charged to 
approximately the supply voltage JE^. 



a be 



riM£ -*- 


Fig, 10-9 PUte- afid grid-volt age waveforms for Vj in*J V t in Fig. ifl-B 
(Sec, 10-?). 

3. To put the multivibrator in its quasi-stable state, we apply a negative* 
going actuating pulse (Fig. 10-9& to the plate of V. by way of the diode 
V** Ci applies this negative*going pulse to the grid of % Thus the actuat¬ 
ing pulse appears as a positive-going pulse at the plate of V#* A similar 
positive-going pulse reaches the grid of Vu (Note that in the stable state, 
the voltage dividerand fi 5 ~sets the dc level at the grid of V t to a 
suitable value below V t cutoff. But the commutating capacitor C t applies 
the changing pulse voltage directly to the grid of V^ ( essentially without 
amplitude reduction.) Therefore V t conducts plate current. The plate 
voltage of Vj accordingly drops (instant B ( Fig. 10-9e). This voltage drop 
also appears at the grid of V s (instant £f t Fig. 10-9^3) t since the voltage 
across C 1 can't change instantly. Thus the plate current in V% decreases 
further so that the voltage at the plate of V% rises further. Since this voltage 
rise reaches the grid of by way of C £t a rapid transition occurs from 
plate-current conduction in V t to plate-currant conduction in Vj, 
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"‘ToTi L * ■ Ltto V coLc. mn**. 

composed of and >k 1& v (Fi j.0-9£) has a value 

BU. c,« 

£ 4,1 cha[; 1 appreciably fnaraaraph 2). And since the voltage 

originally ch ^f Jly, we have accordingly driven the grid of 

r (Fig- 10 -9b) considerably ^low cutofL * the grid of K, to 

rrSWi oSng £ discharge interval, 

the multivibrator is in the quasi-stable state. 


d. Switching action (unstable state, int erval D). 

voltage at the grid of V, reaches cutoff (instant 
, ■ nlare current The resulting voltage drop at the plate 

again - - S in T reaches the grid of Vj by way of the voltage 

of V 2 (instant g ' & Therefore the plate current in Vj decreases, 

divider composed of % and ■>, ^ iQ.qe) and this voltage 

™“ V by Of C TO. ^»,r«lW .Con quickly 

iO .he stable stale, with V, conducting pU.e current 

and with VJ cut off. 


ft ir instant C when Vj, starts to conduct, the grid of is at cut-off 

, .e F TfL io %) And the plate of V, is at the voltage £ w There- 

voltage t co (big, iu viy- to Ehe difference between 

fore, just as V, starts to conduct. ^ “ cha^l to the dt ^ 

r * a y Nnw V, 20 es into cutoff so that trie piaie vuiing j 

bJ . p"; n-i Be voltage across C, can't change instantly, 

(instant C, Fig- —'* ., . v takes a somewhat positive value 

Therefore the voltage at the grid of % % f This 

Therefore ne j ^ appreciable current flows in the grid of J,. This 

Erg (big. to 7 _), - ,, irim thp ri 2 lit-hand terminal of oj. 

grid current provides electron flow into * g h left . han d terminal of 

t, TEST'S. “ 

rise of the plate voltage of Vj (interval D, Fig, _)■ 


7. When the pUte vo,t... =Mi -“ fc “S£5.5llS: 

charging current in C, « ‘ d T decreases slightly (interval 

and the grid of V 2 (that is, tne griu g. * This grid 

fl. Fig- 10-9b). But a small ^****"1 fl ° W j£ ^grid of V* is clamped 
current flows in the large resistance of %, so mat lne srl ~ 
at essentially ground potential. 

8 . *« described in paragraphs 6 and 7 the g“S 

tne grid of II, p B1 di excursion of the grid of 

£ V.; 2U * * ppf ^“ 

.S« Pl“« »*'*«• f* >6 

explains the negative spike in the plate voltage ui 2 





Fig. 10-9c, and the corresponding negative excursion of the grid voltage 
of Vj shown in interval of Fig. 10-9d. 

To summarize, then, the quasi-stable state lasts long enough for Fj to 
discharge through K t so that the grid of V g rises to cut-off voltage After 
the quasi-stable state, the multivibrator goes through the transitional 
unstable state into the stable state. The circuit remains in the stable state 
until we again apply an actuating pulse. The output rectangular voltage 
pulse has the same duration as the quasi-stable state. We can take a positive- 
soing output pulse either from the plate of V g or from the upper end of a 
resistor that we can connect in the cathode circuit of Vj. Or we can take 
a negative-going output pulse either from the plate of Vj or from the upper 
end of a resistor that we can connect in the cathode circuit of V 

The diode V, can't conduct while the plate voltage of V'j is low. Therefore 
actuating pulses that might otherwise be applied can’t affect the multivibrator 
action during the quasi-stable state* 

We can use the monostable multivibrator as a frequency divider. Suppose, 
for example, that we want the repetition frequency of the output pulses 
to be one-fifth the repetition frequency of the input actuating pulses. We 
select the circuit constants, particularly the time constant of the combination 
R.C, so that the quasi-stable state (interval BC, Fig. 10 - 9 ) lasts a bale 
longer than the interval occupied by four actuating pulses. Then the diode 
Vj allows only every fifth actuating pulse to reach the multivibrator (when 
Vj is cut off), 

10-8 Stability control f or the plate-coupled m onostable multivibrator . 
We can use the monostable multivibrator of Fig, 10-8 as a gating source 
in a time-base system. For this purpose we need a front-panel control 
to adjust the multivibrator for any one of three operating conditions; 

1 Triggered operation. In this mode the multivibrator operates in 
the manner we just studied' in Sec. 10-7. That is, a negative-going input 
actuating signal of sufficient amplitude makes the multivibrator go through 
the operating cycle shown in Fig. 10-9. This multivibrator operating cycle 
eates P the time-base generator so that the cathode-ray-tube spot moves 
horizontally across the screen. This operating mode is the one we use 
most often, 

2 Free-running operation. Here we adjust the multivibrator as described 
below so that the multivibrator repeatedly goes through the operating cycle 
shown in Fig. 10-9. This operation takes place in a recurrent manner 
independently of any external actuating signal. Each multivibrator gating 
cycle gates the time-base generator so that the cathode-ray-tube a pot 
repeatedly moves horizontally across the screen. We can use this free- 
running operating mode for certain somewhat special uses of the oscilloscope. 

i "Off" condition. Sometimes we want to disable the sweep-that is, 

we want to prevent the time-base generator from actuating the tonzomal 
motion of the cathode-ray -tube spot. To disable the sweep, we adjus ic 
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below so that the multivibrator doesn't go 
r alrtvibriwr ^ though we might apply Input actuating 

signals c iinary 

general * the % a wtooth ° waveform that sweeps the spot horizontally across 
the screen, 

, rh3r a no W s us to select any one of these three 

-"“ZZSt IS.TJTSS2 

frLThe SuSST-iJ to set to gctocen. dc voltage a, to grid 

‘J 55 UTS sn : 

responds to input actuating signals as described in Sec. 

SLSTSSoP-ating cycle independently of any 
external actuating signal. 



io-i D tin 

fr vr 

£. m, a* » » ««»> 

stable 3Ule. 

-ivibracor in its "off" condition, we turn the STABILITY 

controFiull .c. (coiStocIocgwIae,, so tha, E. » 
prevent gating signals from reaching the time-base generator. 





Cathode-coupled monostable multivibrator, a. Stable state. 


L Figure 10-10 shows a cathode-coupled monostable multivibrator. In 
the stable state (interval AB t Fig. 10-11), the grid of V 2 is clamped at 
essentially the cathode potential (Fig. 10-lib),* Thus ^conducts appreciable 
plate current. The resulting voltage drop across R ^ places the cathodes 
at a potential Etl (Fig. 10-11^) that is appreciably more positive than 
ground. And the plate voltage of Vg correspondingly has a value chat is 
lower than the supply voltage % (Fig. 10-lld). In the stable state, the 
fixed external grid-bias voltage 'E cc (Fig* 10-10) is so negative that VJ does 
not conduct plate current. Thus the voltage at the plate of V* (Fig. 10-11^) 
is the supply voltage E bb . 



ACTUATING 

PULSE: 


V 2 

MEASUSlEO 
TO CROC Wp) Q 



Tint -*- 


(<*) 

th) 

(c) 

(d) 

t*) 


pjjj, 10-n Plait;., grid-, anJ cathode-voltage waveforms for tj srvJ Vj in 
Fig. ID* 10 (See. 10*9). 


2. Since the grid of % is clamped at approximately the cathode potential 
p and since the plate of ^ is at the supply voltage E bbt capacitor C l is 
charged to approximately the supply voltage E bb . 

b. Switching action (unstable state, instant B), 


* Com pare with Sec. 


10 -2, paragraph 2, for 


the case of the astable multi¬ 


vibrator. 
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3 To put the multivibrator in its quasi-stable state, we apply amative- 

P /Pict 10-lla) to the plate of Vj by way of the diode 

going act^pulj t S t . v ^ 0 goi - g pulse t0 P lhe grid of *. Thus the plate 

V3 ‘ r n f Pt> v decreases so chat the cathode voltage drops (instant B , 

STTm o' The nLW C ' athOd0 VOltage BkS iS " 0t mUCh highe i th r a n,Sc 

Fig. iu i ill . r Therefore Vr can now conduct plate 

external bias-suppiy vohage d J (mstant ^ Fig. 10-lie). 

This 6 voltage op a? appears at the grid of V* (instant B. Fig. 10-Ub) 
e The voltage across c\ can't change instantly. Thus the plate current 
in vl decreases further, so that the cathode voltage decreases further^ 

L 1 .his cathode-voltage drop further increases the current in V u a 
r‘apid transition occurs from plate-current conduction in V £ to plate-current 
In V Jt , 

4 Following this transition, V g is cutoff so that the voltage at the cathodes 
(interval HC Fig, 10-lie) has a value E k2 that is less positive than 

»,hod. voltage % mas Vi codec,, apprec.Ab= 

Elate “arrent. Therefore the voltage at the plate of V, <F,g. 10-US '■» 

^ 3 >' t hat Ifi appreciably lower than the supply voltage k bb . 

* chargSl to the voltage S M iparagr.ph 2). AndI sil.ee 

interval, the multivibrator is in the quasi -stable state. 
d. Switching action (unstable state, interval fi). 

5 At instant C (Fig. 10-llb), the voltage at the grid of V s reaches cutoff 
so that Vi again conducts plate current. As a result the cathode vo g 
rk „ / Fi f iQ.He). Therefore the plate current in V t decreases. Thus 

the plate voltage of V) rises ( “T ^ ? Thff TgTeTave'acToTquiT'ly 

sr ^ slsl »£ ™ 

and with VJ cut off. % 

a Ar in^rAnr C when 14 starts to conduct, the grid of Vg is at cut-off 
_ rhin a few volts of ground potential (Fig. 10-lib). And the 
pUte^of v! (Fig. 10-lie) is at the voltage fl 6J . Therefore just “ v 2 sinrts 

srs- s £•?£ * t 

rrssT’ff ss -fSSs 
syas 

electron flow into the right-hand WtttMl <* C t . A C0 ^ e f "^ nJ , 

sissrsrsr s»rr= v e,™, *.**» ->*. - 

Vj (interval D t Fig. 10-He), 

7. When the plate voltage C V ^or=“tov'otageS'enth'e 
the charging current in C t drops off. Therefore S 
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cathode and the grid of V 2 decreases slightly {interval D t Fig. LO-llh), 
Bui a small current still flows in the grid of V$„ This grid current flows 
in the large resistance of H lt so chat the grid of V 2 is clamped at essentially 
cathode potential* 

8. As described in paragraphs 6 and 7, the plate-voltage rise of X) 
drives the grid of V? briefly positive with respect to the cathode; then 
the grid of V 2 returns to a voltage near cathode potential (interval D t Fig* 
10“lib)* This positive excursion of the grid of V 2 makes the plate current 
of Vg quite large for a brief interval. This action explains the negative spike 
in the plate voltage of V* shown in the interval D of Fig* 10-lid ( and the 
corresponding positive excursion of the cathode voltage shown in interval 
D of Fig* 10die. 

To summarize f then, the quasi-stable state lasts long enough for C s to 
discharge through rtj so that the grid of V> rises to cut-off voltage. After 
the quasi-stable state the multivibrator goes through the transitional unstable 
state into the stable state* The circuit remains in the stable state until 
we again apply an actuating pulse* The output rectangular pulse has the 
same duration as the quasi-stable state. We can rake an output positive- 
going pulse from the plate of V £t or we can take an output negative-going 
pulse from the cathode terminals. 

The diode l* c m*t conduct while the plate voltage of X) is Low. There 
fore actuating pulses that might otherwise be applied can't affect the multi¬ 
vibrator action during the quasi-stable state. 

We can use the circuit of Fig* 10-10 as a frequency divider in much the 
same way as we can use the plate-coupled circuit of Fig. 10-8 as a frequency 
divider. 

10-10 Bistable multivibrators .* A bistable multivibrator has two stable 
states: 

1. A first state where V 1 conducts appreciable plate current, and where 
V_j does not conduct plate current. 

2, And a second state where Vj does not conduct plate current, while 
y 2 conducts appreciable plate current. 

When we turn the multivibrator on, the circuit assumes one or the other 
of these two stable states* (The multivibrator itself initially " chooses" 
either the first or the second stable state--based on factors such as circuit- 
component values, tube balance, etc,) The multivibrator remains in this 
initial stable state indefinitely unless we apply a suitable external actuating 
pulse. The actuating pulse places the multivibrator in the other stable 
state. Then the multivibrator remains in this second stable state indefinitely 
or until we apply a second suitable external actuating pulse, 

* A bistable multivibrator is variously called a flip-flip, a flip-flop, 
or a binary. 


. , _ rrnnfiitional or unstable state while 

The multivibrator goes throu^ Qne tube and off-in the other tube, 

che plate current is being swhuicu ^ 

rY . frrim rhe bistable multivibrator is a 
r^CTltag^^rwhoL duration is equal to the interval between 
two externally applied actuating pulses. 

Sections 10-11 and 10-12 deal! the operations of two Icons of bistre 
multivibrator. 



state . Figure. 10-12 P ctare in which Vi conducts appreciable 

Chat the multivibrator is tn that b mb et „ e the grid of V, is clamped 

plate current and % is cut on. i duccs appreciable plate current, 

•' % «* •* lower the vol “ 8e 


+ E bb 



. Jordan) bs^ltmulnvibr-tor^A^ 10-HJ 

Fla. ISM2 PlMe-toupittl(^U*V J0 ™\ 1 for plate 

, ur r*r,i •oddimite y «««!..* 

***** •*"•> » *•*“ ,hc 6y “ !era 

it> its first stable slate. 


A ,1-Mktnrs Hi and K* so that the correspond- 
*»■ We s=l»«tMyolt««-d|«4«r^ „4, llv e than the cut-off voltage 0( 

‘v” S ,0 Th‘V y“ tWt conduct* plate current, .0 .ha, the voltage a, the plate 

of V e is the supply voltage K bb . 

* Compare „U iTsS7l0-2. paragraph 2. for the case o, the .stable multi- 
vibrator* 




L Switchi ng actio n. To put the multivibrator in its other stable state, 
apply a negative-going actuating pulse to the plate of V 2 by way of the 
le I 4 . (Since Vj conducts appreciable plate current and the plate voltage 
v; is therefore at a comparatively low voltage diode ^ doesn’t 
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ACTUATE 
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c. Second stahle state . In the second stable state, V x ia cut off while 
y 9 conducts appreciable plate current. Thus the voltage at the plate of 
has a value that is lower than the supply voltage %. We select 

the voltage-divider resistors and % so that the corresponding voltage 
at the grid of V, is more negative than the cut-off voltage of V h Thus 
Vj remains cut off, so that the plate voltage of Vj is the supply voltage 
V m Now, since the plate of Vj is at the high potential K bb and the plate 
of V* is at the lower voltage diode V 3 can transmit the next incoming 
negative-going actuating pulse but diode \\ can’t transmit actuating pulses* 
Thus the multivibrator is ready for the next actuating pulse to reverse the 
so that Vi will next conduct plate current and V* will 


preceding operations 
go into cutoff. 


See paragraph 3, Sec. 10-7. 


«m» w ,^r g^snenS' 

Fig. 10-13 shows a bistable circuit terminals is such that 

that the voltage applied to the actua g a resulting voltage drop across 
V, conducts appreciable plate current ^* re % sit ive 

4 pi*» b- ’ .».ue <U • > 

r u, -*, 

the supply voltage h bb * 

, ; * _ Tn nur t he multivibrator in its other stable state t 

signal mak g , voltage of V, correspondingly rises, so that 

* decreases, And f^ lT Litive going pulse at the plate of V,. 
the actuating pulse appears as a posit & B v ^ by way o( the 

This positive-going actuating puse plaie ^ urrellt begins to flow in 

commutamg fac tor *. ^ vo ‘ ltage drop across R k to increase 

i that^e cathode voltage kses. 5J. 

so that the voltage at the plaxe of ^J^^urs from plate- 

reaches the grid of V* by way conduction in V,. Note chat. 

5rf3r:^r=sr nrr^z 

.»loop gain" of the regenerative circuit involving VJ and V 2 . 

c„ rnnd stable sta[e in the second stable state, Vg conducts a larger 

■rjr*S SSijrravSsES V—^ 

So ordinal value that existed prior to the actuating pulse. 

H .Switching action . To return the ^e 

we can apply a ^"raises di^grid voltage of V, to a point where 

instant, this actuating g ^ - S* regul (he voltage « the plate of 

plate current begins to no«> n ^ grid of 'V g by way of C,. 

Vl decreases. This volt g P g gQ cha[ the cat hode voltage drops. 

Therefore the p ate c «"enc J d ^ more plate current, so that 

This cathode jo tage p ^ {a]bj gtill lower. Cj applies this voltage fall 
the voltage at the P ; erarive action results in a rapid transition to 

'zxs*jl' y ?x v, -*-i 


■See paragraph 3, Sec. 10-7. 


actuating signal doesn't have to go sufficiently positive to drop the plate 
voltage of V| to the point where V 2 cuts off. The actual switching action, 
once ^ starts to conduct , is effected by the internal M loop gain 11 of the 
regenerative circuit involving V} and 


10 “13 My ENT oh is In the Schmitt trigger. We noted in the pnaVloua auction 
i hut 

1, To change the Schmitt trigger from the first stable atate (with Vj con¬ 
ducting) to the second stable state (with V 2 conducting) the actuating signal 
must lower the grid voltage of Vj to a voltage Ej ( so that the plate voltage 
of Vj rises to a point where V 2 begins ro conduct, 

2, And to change the Schmitt trigger from the second stable state hack 
to the first stable state the actuating signal must raise the grid voltage of 
Vj to a voltage so that Vj starts conducting. 


ACTUATING 

REGNAL 


OUTPUT 
(v? PLATE) 


„ __J- 

^ HYVTEftE5l& FLANGE 


Hg. 10 -H Hynterctiift in ihe Schmm 
trigger in F ig. 10-H, 
assume [hair L totjduc## 
while Vj is cur of! i f l r^it 
stable suit'). If the input. 
adLuacir-ji signs] i| Kig iU - 
i piANCiE far ciompiei driuus tw 

V' grid lower than (same toI- 
iage Kj, then me circuit 
MWictrhe-i to tli hecortdsiablt? 
k[ iitc with Vj conducting nJ 

tui off. ■ntt’fl (o revert 
the Schmitt i rigger ft) its. 
rtnst stable s-taje^ the in pul 
actuating Signal ntuiit drive 
the I, grid hack abov^ some 
3c\ond voltage *>. ttr call 
Jtj and tU ihe " hystcre&ia 
limits 11 of the bchrnnt trig' 
And ilie voltage differ¬ 
ence between h t and h’ v In 
ihe rt hysteresis range". 
Figure £0-14b shows the 
%rar respond]ng ichmiit mg- 
ger output -signal railage nr 
the Vf plate. 


Further, we noted that in the second stable state the cathode voltage is 
higher than in the first stable state. Therefore, to change the Schmitt 
trigger from the second state to the first state, we have to raise the grid of 
Vj to a voltage E 2 that is appreciably more positive than the Vj grid voltage 
Ei that changes the circuit from the first state to the second state. We use 
the term hysyjresis to refer to the fact that £) is different from And 
we refer to the difference between the voltage Ei (that is sufficiently negative 
to change the multivibrator from the first state to the second state) and 
the voltage E 2 (that is sufficiently positive to change the multivibrator 
back to the first state) as the hysteresis range of the multivibrator. 

If, for example, we want to switch the multivibrator periodically from 
one state to the other and back again, we can apply some periodic actuating- 
voltage waveform to the grid of V lt as shown in Fig, 10-14a. This actuating 
signal (including the dc Level of the actuating signal) must at times rise 
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... tipper hysteresis limit £*, and at other times tali below the 
. , iimil The resulting output voltage at the plate of 

v is b' periodic rectangular wave, as shown in Fig. 10-14b. This output 
wave might or might nof be symmetrical (have equal durations of positive 
and negative portions), depending upon the waveform and the dc level or 

the actuating signal. 


r 


ill L5 wa Often want * given input a^uatirt^aveform to swicdi the 

lDL * £L£ U- 4™* ' m :v iwt «TT£n S«" 

H^ond liable state, and then back again ta rhe first * able 
*, d[e This action re^re* ^ rhtn » H ' i l) ^ tyKlT *B 
p^-to-^k amplitude must \c**t 
between the limits h, and A* (Fig. 10-14*M2 

Furthermore the actuating signal dc .level muul be such that 
fhu stgnal actually thniugh the fcflftcereeis 

W«T ^ In ( 0 - 15 , ^ can adjust K* w raise 

lKr lower the hysteresis voltage limits and H imull*i(l^ly_ 

Art detieribed Ln See IO-U- 2 , ** can thmi accommodate the 
Jc whige level. Anther circuit feature K it 
l^tb Hi pijee the hysteresis limit* K t *nd ck*c 
\TiZ way we need only a -mall ^uating o swluh 

ihe Schmitt 'trigger luck and forth between It* two stable state* 
tin prodtke, rhe and (f 4 adjust menu* Lnteraer.^ 

f.'or some purposes we need to make the Schmitt trigger respond to 

n^ signals small amplitude. If we modify the circuit as shown in 
ng signals oi J muUivibrator su thac the hysteresis range 

(voltage ditie,tnce betieen ^ and % ) is small. In the first stable sta«. 

for instance, V, conducts while V, ls somewhat 

some given voltage drop across %, so that the catnooe oi j 
positive. Thus the voltage at the cathode of the ’W^duUmg 
established by the voltage-division ratio of R;t and H 1) . The larger 



-22 




t the lower the voltage at the cathode of % We can adjust for a 
Vg cathode voltage that nearly allows to conduct. Then only a small 
negative-going actuating signal at the grid of Vj can raise the plate voltage 
of Vi far enough to make Vg conduct, throwing the multivibrator into the 
second stable state. 

When Vg conducts, with Vj cutoff, the plate current in V# causes some given 
voltage drop across %, so that the cathode of is somewhat positive. 
Thus the voltage at the cathode of the nonconducting tube Vj is established 
by the voltage-division ratio of R^ and /f^. We can adjust for a Vj 
cathode voltage that nearly allows VJ to conduct. Then only a small positive- 
going actuating signal at the grid of Vj can make V 2 conduct, throwing 
the multivibrator back into the first stable state- A suitable adjustment 
of meets not only this requirement but also the requirement given in 
the preceding paragraph. We commonly refer to Jty as the TRIGGER SEN¬ 
SITIVITY control. 

The voltage-divider actions of R it and reduce the signal coupling 

between the cathodes of VJ and V$. But the commutating capacitor transmits 
varying signals readily between the cathodes so that the switching action 
isn't impaired. 

If we adjust the trigger sensitivity control for a hysteresis range that 
is too small, the circuit of Fig, 10-15might operate on small noise impulses, 
might operate more than once with a single input actuating signal, or might 
even go into oscillation, k is best not to adjust the circuit too critically-- 
that is, not to set R 4 so that the hysteresis range is unduly small. For 
changes in the characteristics of tubes or components might then make 
the circuit unstable. 

Another way we can adjust the hysteresis range, and therefore the ability 
of the Schmitt trigger to respond to small actuating signals, is to adjust 
the load resistor In the plate of Vj. We thereby control the voltage 

gain of Vj and at the same time adjust the dc level at the grid of when 
Vj is conducting. 


ID-14 Dc levels in the Scffmitt trigger . To make the Schmitt trigger change 
from one stable state to the other, not only must the peak-to-peak amplitude 
of the input actuating signal be at least equal to the hysteresis range of the 
Schmitt trigger , but also the actuating-signal dc level must be such that 
the actuating signal goes through the actual hysteresis limits £j and E £m 
There are three ways in which we can satisfy this dc-level requirement. 


1, We can adjust the dc level at the output of the circuit that supplies 
the actuating signal to the Schmitt trigger. In this way, we can bring the 
dc level of the actuating signal to a value such that the varying actuating 
signal goes through the hysteresis limits of the Schmitt trigger. To do this, 
we can (a) set the output dc level of the actuating-signal source by adjusting a 
voltage divider in this source (Sec. 5-12). Or we can (b) adjust the grtd- 
to-cathode bias voltage of a plate-loaded tube in the source to control the 
dc plate current in this tube--thus controlling the dc voltage level at the 


^1 source In this last method, we usually locate 

control as the TRIGGERING LEVEL control. 

t T 
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trigger circuit responds to email actuating signals that are superimposed 
on the output dc voltage level of the actuating-signal source. Clearly, 
when we adjust the TRIGGERING LEVEL- CENTERING control, this adjust¬ 
ment interacts with the adjustment of the TRIGGER SENSITIVITY control 
(Sec. 10-IS). It is usually best to adjust the TRIGGERING LEVEL CENTERING 
control first; then adjust the TRIGGER SENSITIVITY control. Then recheck 
both adjustments. 

3. Or we can adjust the dc level at the grid of Vj in those cases where 
we apply the actuating signal to the Schmitt trigger by way of a coupling 
capacitor, such as C A in Fig. 10-16. Assume that the amplitude ot the 
varying actuating signal is at least equal to the hysteresis range of the 


OUTPUT 


input actuating 

SHjWAL OF ANY 3 

ca 


Schmitt trigger. In such a case we can apply to the grid of VJ an adjustable 
dc. voltage (in addition to the varying actuating signal) as shown in hig. 
10-16, in this way, we can bring the dc voltage level of the grid of Vj to 
a value such that the varying actuating signal goes through the hysteresis 
limits of the Schmitt trigger. We usually locate the control that selects 
this dc voltage level on the front panel, and label this control as the STABJI.-li Y 


10-15 Free-running for m of Schmitt trigger . For some ***** "f 
-—- , Qrhmlci trigger operate in a free-running manner--that is 

t0 m rhe circuit to deliver a recurrent output waveform, even with 

no S actuating signal. To accomplish this result, we can modify the 
circuit as shown in Fig. 10-17, where we have added the resistor K s . 
This modified circuit operates as follows. 

Assume for example, that when we apply the dc supply voltages % and 
-£■„ tube V% conducts plate current while V, is cut off. That is, the voltag 

at the grid of V* is high enough to allow plate current to flow in % but 

rhe voltage at the grid of VJ isn’t high enough to allow plate current to 
flow in V. Suppose that we maintain the left-hand terminal of the coupling 
c " r C, at some fixed dc potential. Then Q gradually charges through 
^ at the right-hand terminal of C$ approaches the voltage 
at the"grid c *. Thus the voltage at the grid of Vj rises above the upper 
hysteresis voltage of* the Schmitt trigger, so that VJ conducts plate current 
while Vg goes Into cutoff. j 

When V, conducts plate current, the voltage at the plate of V'jcorrespondingly 

drops As a rKuit the voltage at the grid of V* is low. Then C s gradually 

discharges through ‘ K* so that the voltage at Tte >grWl<* *1 * e 

„ nI , afe a r me grid of Vv. Thus the voltage at the grid of v 3 tails neiow me 
lowe? hysteresis voltage of the Schmitt trigger, so that V, again goes into 
cutoff while V. conducts plate current. We see, then, that the circuit 
continuously switches back and forth from one stable state to the oth z. 
The repetition ’ frequency of this switching action depends upon the tube 
characteristics ^circuit constants. but particularly upon the time constant 
of che circuit composed of % and . 

Suppose that instead of simply maintaining the left-hand terminal of 
C, at^a fixed dc voltage we also apply an actuating signal to that terminal. 
?hen the actuating vol age can. at appropriate points on the switching 
Lcle change Se voltage at the grid of VJ above or below the hysteresis 
ranize* in anticipation of the normal switching action of the free-running 
circuit Thus we can synchronize the switching action of the Schmitt trigger 
with^the repetition frequency of the actuating signal or with ^ 
of the actuating frequency. We use this synchronizing, action in the AUTO¬ 
MATIC {or AUTO.) mode of the Schmitt trigger. 

lft . 1A Transition time. Sometimes in a rtfultivibrator we need a particularly 

1. We can keep the unavoidable shunt capacitances (caused by wiring, 
components, and tube elements) at a minimum. 

2 We can keep the KC risetimes in the multivibrator circuit at a minimum 
b, a.o,m„g S>" use ol umecessaril, large .aloes 0 . reals.asce ,n cr.ucal 
circuit positions in the multivibrator. 
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3. We can include peaking systems (Secs. 5“4 to 5-7) or cathode followers 
(Chap. 6) in the coupling circuits between the multivibrator tubes. 

10-17 Clipping diodes in multivibrators. Xs we have learned, there are 
gpikeB at the corners of some waveforms generated in multivibrators. 
And other waveforms have rounded corners. In some circuits, excessive 
spikes or rounding can cause unfavorable results. To clip off these spikes 
or rounded corners we can insert diodes as required, in shunt with the 
multivibrator plate or grid circuits. A 

i^V 
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Chapter 11 

HORIZONTAL-DEFLECTION SYSTEMS 

In this chapter we consider complete horizontal-deflection systems. 
Figure 11-1 shows a block diagram of one form of horizontal-deflection 
system Let's first consider briefly the purposes of the " blocks" in I ig. 
11-1. Then we shall consider the system in more detail. And we shall 
then be prepared to study other horizontal-deflection systems. 

Figure 11-1 includes waveforms that indicate the general circuit operation. 
For completeness, these waveforms are rather detailed. Therefore, a 
few of these waveforms are completely explained only later iij this chapter. 

I|.| Block diagram of horizontal-deflection system , a. Time -base gen¬ 
erator As a time-base generator the circuit of Fig. 11-1 uses a Miller 
circuit (Secs. 9-6 and 9-7) that develops a linear positive-going 
ramp voltage waveform. 

b Horizontal amplifier. We apply the time-base-generator ramp output 
voltage to the horizontal-amplifier input. The horizontal-amplifier output 
delivers simultaneously a positive- and a negative-going ramp voltage-- 
that is the horizontal amplifier delivers a push-pull version of the input 
ramp from the time-base generator. We apply the positive-going ramp 
to the cathode-ray-tube right-hand horizontal-deflection plate, and we apply 
the negative-going ramp to the left-hand horizontal-deflection plate. These 
ramp waveforms make.the cathode-ray-tube spot move forward (left to 
right) at a constant rate across the screen. 

c Sweep-gating multivibrator. The sweep-gating multivibrator applies 
a negative-going gate waveform"(Sec. 9-3) to the time-base generator, so 
that the time-base generator develops its ramp output waveform. Simul¬ 
taneously the sweep-gating multivibrator applies to the cathode-ray-tube 
grid a positive-going unblanking waveform so that we see the forward- 
moving spot on the screen. As a sweep-gating multivibrator, the circuit 
of Fig. 11-1 uses a Schmitt trigger (Secs. 10-10 and 10-12 to 10-15). 

d. Trigger multivibrator. To make the sweep-gating multivibrator develop 
its gate and unblanking output waveforms, we have to switch the sweep¬ 
gating multivibrator from its first stable state to its second stable state. 
To accomplish this result we apply to the sweep-gating multivibrator a 
trigger waveform from a trigger multivibrator . 

In the circuit of Fig. 11-1, the trigger multivibrator generates a negative¬ 
going rectangular waveform. By means of a differentiator, we convert 
this negative-going rectangular waveform into a series of negative and 
positive spikes (Sec. 3-1). A negative-going spike actuates the sweep¬ 
gating multivibrator. The positive-going spikes serve no useful purpose; 
therefore in some oscilloscopes we short-circuit the positive-going spikes 
by means of a diode as shown in dotted lines. > 
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e TriKger-pickoff circuit. To achieve a stable display of a periodic 
waveform we have to make each trace in the display coincide point-for- 
point with’ the preceding trace. Thus we have to start each horizontal swe ep. 
of the cathode- rav-tube spot when the displayed vertical signal goes through 
some fixed point on its waveform. 










sample the trigger-input signal . And we call the circuit that samples the 
vertical signal the trigger-pickoff circuit. The trigger- pickoff circuit 
does these things: 

1. The trigger-pickoff circuit makes a sample of the vertical signal 
available as a trigger-input signal. 

2. The trigger-pickoff circuit may amplify the trigger-input signal. 

3. And the trigger-pickoff circuit isolates the vertical amplifier from 
any load changes at the trigger-pickoff-circuit output. 

For a trigger-pickoff circuit, the system of Fig. 11-1 uses a cathode 
follower, with perhaps a preceding amplifier stage. 

f. Trigger-input amplifier. Before we apply the trigger-input signal 
to the trigger-multivibrator input, we pass this trigger-input signal through 
a trigger-input amplifier (Fig. 11-1). 

Besides amplifying the trigger-input signal, the trigger-input amplifier 
performs another function as follows. We have noted the following requirement 
for a stable display: We must start each horizontal sweep of the cathode- 
rav-tube spot when the displayed vertical signal goes through some fixed 
point on its waveform. We include, in the trigger-input amplifier, two 
USmrols that allow us to select this fixed trace-starting point. These 
controls are the TRIGGER SLOPE switch and the TRIGGERING LEVEL 
control. Later we shall study in detail how we can set these two controls 
to select the trace-starting point. For the time being, let us only mention 
that we can 

1. Set the TRIGGER SLOPE switch so that the trigger-input-amplifier 
output waveform is either inverted (reversed in polarity) or not inverted. 

2. And set the TRIGGERING LEVEL control to raise or lower the dc 
level at which the trigger-input amplifier delivers its output waveform. 

For the present, then, we say simply that we set the TRIGGER SLOPE 
and TRIGGERING LEVEL controls so that when the displaye d waveform 
passes through the trace-starting point that we want , then the trigger- 
input waveform from the trigger-input amplifier passes through a gornt 
such as to actuate the trigger multivibrator . 

As an example suppose we apply the waveform of Fig. 11-2 to the vertical 
input. By means*of the TRIGGER SLOPE and TRIGGERING LEVEL controls 
we can select the trace-starting point B (Fig. ll-2a) so that the display 
shows the heavy-line part of the waveform shown in Fig. ll-2a. Or we 
can select other trace-starting points such as point C (Fig. 11-2b), point 
E (Fig. ll-2£), or point F (Fig. U-2d). In each case we start the trace 
at a different point on the vertical waveform. 

c SWEEP LENGTH control. To make the cathode -ray-tube spot visible, 
andto start the forward left-to-right syeep of the spot, we generated 

11-3 




I 


( 

1 . 






unblanking and sweep-gating waveforms by driving the sweep-gating multi¬ 
vibrator from its first stable,state into its second stable state. When the 
cathode-ray-tube spot finishes its trace at the right-hand end of the graticule, 
we need to do two things: 

1. We need to return the time-base-generator output voltage to its quiescent 
value, corresponding to a spot position at the left-hand end (start) of the 
graticule (ready for the next forward sweep). We can do this by removing 
the negative gate voltage from the time-base generator. 

2. And we need to cut off the cathode-ray-tube beam so that we don't 
see the spot during the retrace interval, while the time-base-generator 
output voltage returns to its quiescent value. We can do this by removing 
the positive unblanking voltage from the cathode-ray-tube grid. 




!n a manner to be de¬ 
scribed, the TRIGGER 
SLOPE and TRIGGERING 
LEVEL controls allow us to 
select the point on the dis¬ 
played waveform at which 
the trace starts,at the left- 
hand end of the grjtlcule. 
The TRIGGER SLOPE 
switch allows us to start 
the trace during the rise 
of the displayed waveform 
(waveforms a and b), or 
during the fall of the dis¬ 
played waveform (wave¬ 
forms c and d). The heavy¬ 
line portions show the act¬ 
ual display. The TRIG¬ 
GERING LEVEL control 
allows us to start the trace 
at a low-voltage point on 
the displayed waveform 
(waveforms a and d>, or 
at a high-voltage point on 
the displayed waveform 
(waveforms h and c). 


In the circuit of Fig. 11-1, we accomplish these results by driving the 
sweep-gating multivibrator back into its first stable state. Thus the sweep- 
gating multivibrator no longer delivers its gating and unblanking output 
waveforms. To drive the sweep-gating multivibrator back into its first 
stable state we use here a sample of the time-base-generator positive- 
gvv.\$ raxv.p \X-V.x.' voltage, Th.s ramp sample reaches the sweep-gating 
K »a\ os the hom-eC: o-rca-t 

amplitude oi this vamp sample bv means os the SWEEP LENGTH control. 
Wo adjust the SWEEP LENGTH control so that when the spot reaches the 
desired end-point on its trace, the ramp sample drives the sweep-gating 
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multivibrator input grid positive past Its upper hysteresis limit* Thus 
we drive the sweep-gating multivibrator back into its first stable state. 

h. Hold-off circuit * As we have just seen, the ramp sample from the 
SWEEP LENGTH control drives the sweep-gating multivibrator back into 
its first stable state. Consequently two things happen: 

1* The 6 weep-gating multivibrator removes the unblanking voltage from 
the cathode-ray-tube grid so we don’t see the spot during the retrace 
Interval, 

2, And the sweep-gating multivibrator removes the gating voltage from 
the time-base generator , so the time-base-generator output voltage returns 
to Its quiescent value corresponding to a spot position at the left-hand end 
(start) of the graticule. Often the time-base-generator output voltage returns 
to its quiescent value much faster than the linear rise that produced the 
forward spot movement. (This rapid retrace voltage change might shock- 
excite the circuitry, producing unwanted damped-wave transients following 
the retrace.) 

H 4 

fei 

When the ramp sample from the SWEEP LENGTH control drops to its 
quiescent value at or near zero, the swdep-gating-multivibrator Input-grid 
voltage drops to a value determined by the STABILITY setting (as we shall 
study later)* Thus we make the sweep-gating multivibrator ready to start 
another sweep whenever another trigger waveform arrives from the trigger 
multivibrator. And we have no way of knowing how soon the next trigger 
waveform is going to arrive. To keep the display stable, we want two things 
to happen before the next trace starts: 

1, We want the time-base generator output voltage to fall entirely to 
Its quiescent value corresponding to a spot position at the left-hand end 
of the graticule, 

2, And furthermore we want any transients in the system—caused by 
the rapid retrace voltage change--to die out. 

To allow these two things to happen before a new trigger signal can 
actuate the sweep-gating multivibrator, we slow down the fall of the wave¬ 
form we feed from the SWEEP LENGTH control to the sweep-gating- 
multivibrator input. We call the circuitry that slows the fall the hold- 
off circuit. 


11-2 Brief summary of circuit functions . We can briefly summarize the 
functions of the horizontal-deflection system as follows: 

1. The trigger-pickoff circuit delivers a sample of the displayed vertical 
waveform to the trigger-Input amplifier. 

2. The input amplifier delivers an amplified form of this dis¬ 

played vertical waveform. The trigger-input amplifier includes the TRIGGER 
SLOPE and TRIGGERING LEVEL controls/ We set these two controls so 
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that When the displayed vertical signal goes through the desired trace- 
starting point on Its waveform, then the trigger -in put waveform from he 
trigger-input amplifier simultaneously goes through the trigger-multi vibrator 
triggering point (drives the trigger multivibrator into its second stable state). 

3 When the trigger-input waveform from the trigger-input amplifier 

goes through the triggering point for the trigger multivibrator then the 
frieaer multivibrator responds with a negative-going output «<¥* ( 

aome later instant^the trigger-input waveform goes through a different 
point such as to restore the trigger multivibrator to its first stable state. 
Then the trigger multivibrator delivers a positive-going output atep. Thus, 
over a period of time, the trigger .multivibrator delivers a rectangular 
output-voltage waveform that includes both the negative and the positive 
output steps.) 

4 The differentiator converts the trigger- multivibrator rectangular 
output into a series of negative and positive trigger spikes. (In aome oscillo¬ 
scopes we use a diode to short circuit the positive spikes, which serve no 
useful purpose.) 

5 By means of the STABILITY control we can set the dc level at the 
stability-cathode-follower grid. The stability-cathode-follower output circuit 
correspondingly sets the dc level at the sweep-gating-multivibrator input 
grid. We adjust the STABILITY control so that a negative trigger apike 
(paragraph 4 above) can actuate the a weep-gating multivibrator (by driving 
the input grid down past its lower hysteresis limit). Then the sweep-gating 
multivibrator goes into its second stable state. 

6 When a negative trigger spike thus actuates the s weep-gating multi- 
vibrator the sweep-gating multivibrator responds by delivering (a) a 
positive-going unblanking step that we apply to the cathode-ray-tube grid 
to make the spot visible, and (b) a simultaneous negative-going step voltage 
that we use to gate the time-base generator. 

7 The negative-going gate from the sweep-gating multivibrator makes 
the time-base generator start lft linear positive-going ramp output. 

8 . The horizontal amplifier applies a push-pull version of the time- 
^ -ator ramp output to the horizontal-deflect ton platee. Thus the 
epoc mo*.. .ifltant rate across the screen. 

q The SWEEP LENGTH'control applies a positive-going sample of the 
time-base-generator ramp output :o the sweep-gating-multivibrator input 
grid (by way of the hold-off circuit). When this ramp sample reaches the 
sweep-gating-multivibrator upper hysteresis limit, the ramp sample drives 
the sweep-gating multivibrator back Into its first stable state. 

10 When the ramp sample from the SWEEP LENGTH control drives 
the sweep-gating multivibrator back into its first stable state the sweep¬ 
gating multivibrator responds by removing the positive unblankmg volt g 
From the cathode -ray-tube grid, so that we no longer seethespou SinuU- 
taneoualy the sweep-gating multivibrator removes the negative gating voltage 


from the time-base generator. Therefore the time-base-generator output 
voltage returns rapidly to Its quiescent value, corresponding to a spot 
position at the left-hand end (start) of the graticule. We call this interval, 
while the time-base-generator output returns to its quiescent value, the 
retrace Interval . 

11. The hold-off circuit allows the ramp sample at the sweep-gating- 
multlvibrator input to decay only at a relatively slow rate. Ihus any further 
negative triggers can't actuate the sweep-gating multivibrator (a) until 
the time-base-generator output returns completely to its quiescent value, 
and (b) until any transients, caused by the rapid time-base-generator output 
retrace, have died out. 


11-3 Detailed operation of hor izontal-deflection system. Let'sjronsider 
the horizontal-deflection system of Fig. 11-1 in more detail. This study 
not only familiarizes us with the system of Fig. U-1. which is typ|cal 
of the horizontal-deflection systems in many oscilloscopes. In addition, 
this study points up many "standard" problems concerning horizontal- 
deflection systems In general --so that we prepare ourselves to under¬ 
stand ocher horizontal-deflection systems as well. Our aim here is to 
understand the circuit functions. For actual adjustments of the Internal 
controls in a specific type of oscilloscope, follow the Instruction Manual 
or separate calibration procedure. 

a Trigger pickoff. Figure 11-3 ahows details of the system that F ig. 11-1 
presents In block form. In Fig. 11 - 3 , we apply a sample of the display^ 
vertical waveform (from the vertical amplifier) to the trigger-pickoff 
cathode follower V1223B. We can use the output of V1223B to drive the 
trigger-input amplifier (see Selecting the trigg ering-signal source below). 
Further the output of V1223B drives a second cathode follower, V1223A. 
Thus we can use the output from V1223A, available at the front-panel 
VERT* 3IG, OUT connector, as a sample of the displayed waveform. (^ir~ 
cults ’including V1223B and V1223A don't include peaking; therefore the 
high-frequency response of the circuit driving the VERT.SIG, OUT connector 
KlmiS. Further^ VI223 A is ac-coupled by C1228 «.theVERT. OUT 
connector, so that the low-frequency response at the VERT. SIC. OUT con 
nector doesn't extend down to dc.) 

b. Selecting the triggeri ng-signal source . In the horizontal-deflect ion 
system of Fig. 11-3, we can use the front -panel TRIGGER SLOPE switch 
to select the triggering-signal source;* 

1 In perhaps the majority of cases we use as a triggering signal the 
vertical-waveform sample (see Trigger pickof f above). To select the 
vertical -waveform sample as the triggering signal, we set the TRIGGER 
SLOPE switch to -INT. or + INT. 

*As we learned "S ee. 11-lf the TRIGGER SLOPE switch helps us to 
select the trace-starting point on the displayed waveform But at the moment 
let’s consider only the other TRIGGER SLOPE switch function-that Is, 
to select the triggering-signal source. 
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2. If we want to display the power-line waveform t or some waveform 
that has a time relation to the power-line waveform, we can use as a trigger¬ 
ing signal a sample of the power-line waveform. To select the power-line- 
waveform sample as the triggering waveform, we set the TRIGGER SLOPE 
switch to -LINE or + LINE, 


f 



He rtf d Bourcff gviKiraUo 
two waveforms a uml h 
ihj[ hive a fjxtxi u me 
rtfijituiHihip to each orher. 
We mlght dlh.play w *vefcurm 
a by applying Thai wave¬ 
form to the oscilloscope 
vertical-input connector. 
But if we *viah we can u&e 
waveform b as a triggering 
waveform ( by applying that 
waveform to The TRIGGER 
INPUT connector and set¬ 
ting the TRIGGER SLOPE 
switch to + EXT. or -EX*r. 


3. The source that generates the waveform we want to display sometimes 
also delivers a second waveform that has a time relation to the displayed 
waveform. For example, suppose some source delivers the waveforms of Fig. 
ll-4a and b. if we want to display the waveform of Fig. 11-4a, we might 
advantageously use the waveform of Fig, 11 -4b as a triggering signal-- 
since this second waveform Includes precisely timed, rapidly changing 
portions that can actuate the triggering system at accurately spaced inter¬ 
vals, To use as a triggering signal a waveform other than the displayed 
waveform or the power-line waveform, we apply the triggering signal to 
the front-panel TRIGGER INPUT terminal and set the TRIGGER SLOPE 
switch to -EXT. or + EXT. V 

c. Pc or ac triggering-signal coupling. To select either dc-coupling 
or ac-coupling for the triggering signal, we can set the front-pan el TRIG¬ 
GERING MODE switch; 

1. If the triggering signal we use is a slowly changing signal, we might 
improve triggering reliability (and therefore trace stability) if we de¬ 
couple the triggering signal Into the trigger-input amplifier. To dc-couple 
the triggering signal, we set the*TRIGGERING MODE switch to DC* 

2 r For triggering signals chat change at moderate or fast rates, we can 
ac-couple the triggering signal into the trigger-Input amplifier. To ac- 
couple the triggering signal, we can set the TRIGGERING MODE switch 
to AC (or, on some oscilloscopes, to AC SLOW). In Fig. 11-3, we thus 
introduce the series trigger-coupling capacitor CIO. Note that the time 
constant of the trigger-input-amplifier Input circuit now involves CIO 
and R12* 

3. If we use a dual-trace piug-in preamplifier, we might find that channel- 
s witching voltages in t erf ere with stable tr i gg er i n g. To p r e v en t this in s tab i li ty 
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we can impede the channel-switching voltages from the triggering circuits 
by reducing the time constant of the trigger-input-amplifier Input circuit 
Thus only rapidly changing triggering signals can reach the triggering 
circuits, while the slower channel-switching transients can*i. To reduce 
the time constant of the trigger-input-amplifier input circuit we can set 
the TRIGGERING MGpE switch to AC LF REJECT (or t on some oscillo¬ 
scopes , AC FAST). In Fig. 11-3, we thus introduce the small series trigger- 
coupling capacitor Cil and in addition we connect RI3 In shunt with R12 
(But if either displayed waveform changes only slowly this short-time-' 
constant circuit might not adequately transmit the corresponding vertical- 
signal sample that we use as a triggering waveform.) 

Or, we might sometimes set the TRIGGERING MODE switch to AC LF 
REJECT (or AC FAST) for rttis purpose; to block any low-frequency 
interference chat might exist on the triggering waveform--!*} this case 
we improve trace stability. ---* 


IMPORTANT 


Keep in mind the special purposes of the AC LF REJECT (or 
AC FAST) mode that we have just mentioned. In most cases the 
AC (or AC SLOW) mode is better than the AC LF REJECT tor AC 
FAST) mode, - - -- 1 -— 


Later we shall consider the AUTO, and HF SYNC functions of the TRIGGER 
ING MODE switch. 


i amplifier . The trigger-input amplifier applies an 
amplified version of the triggering signal to the trigger-multivibrator 
input, to start the horizontal sweep of the cathode-ray-tube spot. The 
trigger-Input amplifier Includes the TRIGGER SLOPE and the TRIGGERING 
LEVEL controls, by which we can select the trace-starting point (the 
point on the displayed waveform at which the trace begins at the left-hand 
end of the graticule). Let us now see how we can use the TRIGGER SLOPE 
and TRIGGERING LEVEL controls to select the trace-starting point. 


e. Selecting a trace-starting point on the positive-slope regi on of the 
displaye d waveform . We recall that to actuate the trigger multivibrator 
(and thus start the horizontal sweep of the cathode-ray-tube spot) we must 
drive the trigger-multivibrator Input grid down past itB lower hysteresis 
limit {Sec. 10-13). Suppose, for example, that we display the recurrent 
waveform of Fig, ll-5a. We can use the trigger-pickoff sample of this 
waveform itself as a triggering signal by setting the TRIGGER SLOPE 
switch to +1NT. or -INT. (Fig. 11-3) 


Suppose we want the trace to start (at the left-hand end of the graticule) 
at some point on the rising (positive-slope) region AD of the waveform of 
Fig. 11-5a. Thus the trigger-pickoff sample of this displayed waveform must 
drive the trigger-mu hi vibrator input grid down past its lower hysteresis 
limic, during the rise of the displayed waveform. Therefore we must invert 


the trigger-pickoff sample before we apply the sample to the trigger- 
multivibrator input grid, as shown in Fig. ll-5b. To do this, we set the 
TRIGGER SLOPE switch to + INT., so that we apply the trigger-pickoff 
vertical-waveform sample to the grid of V24B. Now V24B operates as a 
simple plate-loaded amplifier (Chap. 5) so that an inverted vertical-waveform 
sample appears at the plate of V24B (Fig. U-5b). In this way we can start 
the horizontal sweep of the cathode-ray-tube spot while the displayed 
waveform is rising . ^ 




Affhurnu' That display 

the wavelorm a p and that 
wtf set the TRIGGER 
SLOPE switch to one of 
the 1ST. posit tone. Thus 
we apply £ sample of the 
dmpijyed waveform a to the 
trigger-input amplifier. II 
we set the TRIGGER 
SLOPE switch to t INT,, 

the trigger - in put-amplifier 

varying output waveform 
is an inverted form of 
waveform a, aa shown in 
drawings b antic, Bymtais* 
of the TRIGGER INC 
LEVEL control, wt can 
adjust the do voltage IwtJ 
dflsocfated with this trig¬ 
ger-input'amplifier output 
waveform. When we set the 
TRIGGER SLOPE KWitch 
to a + position, and when 
we turn the TfilCGEKISfj 
LEVEL control toward the 
4 - part of irs range, we 
add only d relatively small 
dc level Ei to the trigger- 
input - amplifier varying 
output waveform (drawing 
h). 1 lieu this vn ry i ng wave¬ 
form actuates the trigger 
multivibrator (by passing 
downward through the trig¬ 
ger-multi vibrator tower 
hysteresis limit) at ihigh- 
voJtige point on waveform 

b. In thiti way we mart 
the trace at a reldtivn h>w- 
voLjjtc poani If on wave¬ 
form a. Bui If we set 
the TRIGGERING LEVEL 
control townrtf the - pan 
Of its range, we add a 
relatively large di: level 
Ej to the trigger-Input- 
amplifier varying output 
waveform (drawing c). 
Then this varying wave¬ 
form actuates the trigger 
mold vibrator (by pacing 
downward through the frig- 
guT-multivihraior lower 
hysteresis limit) at a luw- 
vohrige point on waveform 

c. In this way we atari 
the trace at a relatively 
high-voltage point C 1 on 
waveform a. 


To select a particular trace-starting point on the rise of the displayed 
waveform of Fig, 11 -5a, we must select the instant when the amplified 
trigger-pickoff sample from the trigger-input amplifier (Fig. 11-5b) drives 
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the trigger-multi vibrator input grid down past its lower hysteresis limit. 
To do tills we can raise or lower the entire trigger-input-amplifier output 


waveform on the graph. That is, we can a djust the dc level at which we apply 
the trigger-piekoff sample to the trigge r-multivibrator Input grid , For 
example, suppose we apply this Triggering sample to "the trigger-multi¬ 
vibrator grid at a dc level of Ej volts (Fig. ll-5b). Then at Instant H 
the triggering sample passes downward through the trigger-multivibrator 
lower hysteresis limit, starting the sweep. Therefore the display starts 
(at the left-hand end of the graticule) at point B l (Fig. 11-5a). 


But if we change the triggering-sample dc level to a new voltage E t 
(Fig. li-5c) then the triggering sample passes downward through the trigger- 
multivibrator lower hysteresis limit at a new Instant C, starting the sweep. 
Therefore the display starts (at the left-hand end of the graticule) at point C* 
(Fig. 11-5a). 


Thus to select the height of the trace-starting point (at the left-hand 
end of the graticule), we can set the dc voltage level at the trigger-input- 
amplifier output. We can set the dc level at this point by means of the 
TRIGGERING LEVEL control. Recall that we have set the TRIGGER SLOPE 
switch to + INT, Figure 11-3 shows that the TRIGGERING LEVEL control 
now sets the grid voltage of V24A, and therefore controls the plate current 
In V24A, Thus the TRIGGERING LEVEL setting influences the voltage at 
the cathodes of V24A and V24B, In turn t this cathode voltage affects the 
grid-to-eathode bias voltage of V24B, And the grid-to-cathode bias of V24B 
sets the dc plate current In V24B, The corresponding voltage drop across 
R25 establishes the dc voltage level at the plate of V24B (trigger-input- 
amplifier output). Thus we can use the TRIGGERING LEVEL control to 
set the criggcr-input-amplifier output dc level and therefore to select the 
height of the trace-starting point at the left-hand end of the display. 


f. Selecting a trace-starting point on the negative-slope region of the 
displayed waveform. Suppose now we want the trace to start at some point 
on the falling (negative-slope) region DG of the waveform of Fig. ii-5a 
(redrawn In Fig. 11-6a). Thus the trlgger-pickoff sample of this displayed 
waveform must drive the trigger-multivibrator input grid down past Its 


lower hysteresis limit, during the fall of the displayed waveform. Therefore, 
as shown in Fig. 11-6b, we do not Invert the trigger^plckoff sample before 
we apply this sample to the trigger-multivibrator input grid. To accomplish 
this result, we set the TRIGGER SLOPE switch to -INT., so that we apply 
the trigger-pickoff vertical-waveform sample to the grid of V24A* Now 
V24A and V24B operate as a cathode-coupled amplifier (Sec. 7-1) so that 


the output at the plate of V24B is not inverted. In this way we can start 
the horizontal sweep of the cathode-ray-tube spot while the displayed wave¬ 


form is falling. 


To select a particular trace-starting point on the fall of the displayed 
waveform of Fig, Ii-6a, we adjust the dc level at which we apply the trigger- 
pickoff sample to the trigger-multivibrator input grid. For example, suppose 
we apply this triggering sample to the trigger-multivibrator grid at a dc 
level of volte (Fig. il-6h). Then at instant E the triggering sample 
passes downward through the trigger-multivibrator lower hysteresis limit, 
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6carting the sweep. Therefore the display starts (at the left-hand end of 
the graticule) at point £' (Fig- ll-6a). 



Fig. U-6 

(CL) 



Agjin gfc&umfc rhar we dis¬ 
play waveform a, an ^ se ^ 
the TRIGGER SLOPE 
nwitih to urn? of the INI. 
poaitlpng. If we c ^ e 
TRIGGER SLOPE switch 
to ^INT,,the trigger-Input- 
amplifier varying output 
waveform is an uninveried 
form of waveform a, as 
shown In waveforms b ami 
c, When we set The TRIG- 
CEK SLOPE Bwiich to » 

- petition, and when we 
her the ^TRIGGERING 
LEVEL control toward the 

- p*ri of it* range, w 
add aptly a reUrtvcly *m»H 
dt level tj to the trigger- 
input - umpllftvr varying 
output waveform 

b), Then thi m to ryl w*t ve - 
form ju'iuatc* the trigger 
multivibrator |hy panting 
downward through the trig¬ 
ger - muliivibrutor lower 
hysteresis limit) at * high- 
voltage point an waveform 
b. In this way **■’ * lJiri 
the trace at a relatively 
high-voltage point i.’’ on 

waveform a. Hut if St “t 

ihe TRIGGERING LEVEL 
control toward the + purl 
Of Ltfi range, we add a 
relatively Urge dc level 
h. to the trigger-Input' 

amplifier varying output 
waveform [drawing e). 
Then ibis varying wave- 
torn actuates the trigger 
multivibrator I by pulsing 

downward through the t rig * 
ger-multi vibrator lower 
hysteresis Limit) at a low- 
vtiStage point c. In this 
way *e start the trace at 
a relatively low-voltage 
point y on waveform a. 
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But if we change the triggering-sample dc level to a new voltage 
fFU U-6c) then the triggering,sample passes downward through the trigger- 4 

miwvTbmor tear hy5r»5 limit .. i na» l»...nt F ...r.lrg the .««P- 

Therefore the display start, (at the left-hand end of the graticule) point 
F' (Fig. 11-6a). 

Recall that we have set the TRIGGER SLOPE switch to -INT Figure 
11-3 shows that the TRIGGERING LEVEL control now sets the g rl d voit^e 
of V24B And this grid voltage of V24B sets the dc plate current In V24B 
ite corresponding voltage drop across R25 establishes the dc voltage level 
at the plate of V24B (trigger-input-amplifier output) Tb™, *** tMM? 
use the TRIGGERING LEVEL control to select the height of the trac 
starting point at the left-hand end of the display, 4 
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a Tr Iff (ter multivibrator. As we have noted, the trigger multivibrator 
in the circuit of Fig. LU3 la a Schmitt trigger. We can set the voltage 
range between the hysteresis limits (ability of the trigger multivibrator to 
respond to small input signals) by means of the internal TRIG. SENS, 
control (Sec, 10-13). # * 

Furthermore we want to adjust the trigger multivibrator so that, when 
we set the front-panel TRIGGERING LEVEL control to zero (midrange) 
the trigger multivibrator responds to triggering waveforms passing through 
the middle of the dc-level range. For this adjustment we use the Internal 
TRIGGERING LEVEL CENTERING control (Sec. 10-14, paragraph No. 1). 


In drawing a, we «et 
Ebe STABILITY CttfKTuJ so 
that the tlf level the 
*weep ' (iiiiinji -ma til vibra¬ 
tor input iirltl I* Jut»t * 
little JbOVt: the 

multivitrator lower 
hyttferetiL* limit. **1 

input rieguuve-^oiJL^ triy- 
jger □ptktr can drive ibis 
grid below the lower hys- 
teresia llmU, ihtreby 
editing 4 sweep ctrig^ertsi 
ilme-tk.se operation), But 
it we set tbe STABILITY 
cantrol farther left, *e 
raise the dc level sf the 
sweep-gating multivibra¬ 
tor input grid. &huwn 
In drawing b. Then in 
Input negative-going, trig¬ 
ger spike lin’t drive cJUfi 
grid below the lower hyi- 
teresMt Umiti consequently 
no sweep occurs 


When we set the TRIGGERING MODE switch to AUTO, (or, on some 
oscilloscopes. AC AUTO, or AUTOMATIC), we thereby connect the trigger 
multivibrator as a free-running Schmitt trigger (Sec. 10-15). With this 
arrangement the free-running trigger multivibrator can s ynchroniz e with 
incoming triggering signals from the trigger-input amplif er Thus we 
can achieve stable displays of recurrent waveforms in the repetition- 
frequency range from about 60 cycles (and often considerably lower) to 
about 2 megacycles. When we set the TRIGGERING MODE switch to AUTO., 
we ac-couple the trigger-In put-amplifier output to the trigger multivibrator 
by way of C3X. Therefore when we use the AUTO, mode we don t have 
to adjust the TRIGGERING LEVEL control. 

h Differentiator. In the circuit of Fig. 11-3, we usse an RC differentiator 
(Chap. 3) to convert the trigger -multivibrator rectangular-wave output 

•It is easy to adjust the TRIG. SENS, control for too great a trigger - 
multivibrator sensitivity. Such an "oversensitive" adjustment leads to 
trace instability particularly as tube characteristics change with aging. 
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into a series of negative and positive spikes. We use the negative spikes 
r.c‘».tf ,he sweep-gating muLivibr.tor. M„y o.clUo.cope. Include . 
diode (V131) to short-circuit the unnecessary positive spikes. 

i Sweep-sating multivibrator, in Fig. 11-3. the sw eep-gating multi - 

l. 8 weep g g ■ r T o speed up the sweep-gating-multivibrator 

vibrator is a Schmit trigger cttt hode voltower V135H to 

—«* V13 ^* 

reduce tn further we include the bootstrap capacitor Cl34 (Sec. 

6 lO^rC o-Xsc-ope^ ^e a shunt-peaking inductor in the plate of V135A 
Instead—see Sec, 5-5)_ 

The STABILITY control (working through the stability cathode follower 
VI33A) allows us to set the dc level at the sweep- gating-mulu vibrator 
input grid In this way we can set the dc level so that an incoming negative- 
^riffeer spike can drive the sweep-gating multivibrator into the second 
ffi. 2T( S £.10-14. paragraph No. 3), .hue starting a horizontal a.eep 
of the cathode- ray-tube spot. See Fig. 11-7. 

When a negate trigger spike from the differentiator drives the sweep- 
gating multivibrator from its first stable state into the second stable state 
VI35A stops conducting. The resulting voltage rise at the plate of V13 5 A 
appears ttthe cathode of V135B. We apply this voltage rise as an u flanking 
waveform to the cathode-ray-tube grid, by way of the cathode follower V183B 
We also provide a sample of the unblanking waveform at the front-panel 
+ GATE terminal, by way of che cathode follower V L93A, 

In this second stable state of the sweep-gating multivibrator VH5 COTducts 
plate current. We apply the resulting voltage drop at the plate of V145 
as a negative gating waveform to the time-base generator. 

. orator The negative gating waveform from the sweep- 

g athij^mSlti vwi a.or "Teaches the plates of the'disconnect diodes (runup 
on-off diodes) V152 in the time-base generator. Therefore diodes V152 
stop conducting plate current. Thus the Miller runup circuit involving V16i 
and V173 generates a positive-going ramp output voltage waveform (s 
S^s 9 6 ^d 9-7). We use this ramp waveform to drive the horizontal 
amplifier. In addition, we provide a similar ramp output at the front-panel 
SAWTOOTH OUT terminal, by way of the cathode follower V193B. 

To set the rate at which the time-base-generator positive ramp output 
voUaffe rises we can select Values for the timing capacitor C160 and the 
timlnz resistor R160. For various horizontal-sweep rates, we can ewitch 
SI, l.rio “ Zounts 0 , timing capacitance anti timing re.la.ance by mean, 
of the TIME/CM switch (timing switch) as shown in Fig, 11 ■ 

Fnr some purposes we might want an (uncalibrated) sweep rare different 
from any c£lEwd*rate available on the TIME/CM iirttch. For *»• 
purposes^ we can use the VARIABLE TIME/CM control shown in Fig. • 1M- 
This control allows us to set the voltage at the lower end of 

resistor to values other than -150 volts. Thus , or capacitor 

switch setting, we can change the charging current in the timing capacitor. 
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TO CA>TM .*IU» 


Thus we can continuously adjust the sweep rate, achieving rates between 
the fixed calibrated steps provided on the TIME/CM switch. 



IMPORTANT 

To avoid errors In your time readings, remember the hori¬ 
zontal sweep rate has the calibrated rate indicated on the TIME/CM 
switch only when you turn the VARIABLE TIME/CM control full 
right--scTthat the front-panel UNCALIBRATED lamp is extinguished. 
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k Hold-off circuit. The internal SWEEP LENGTH control provides an 
adiustable-amplitude sample of the time-base-generator output waveform, 
wi ajply this ramp sample by way of the hold-off circuit to the sweep- 
uarimr^multivibrator input grid. When the ramp sample rises past the sweep- 
eating -muM^tora 1 ^^ ^upper hysteresis limit, the sweep-gating multivibrator 
f eturns to its first stable state. As a result, the sweep-gating multivibrator 
removes the negative gating voltage from the time-base generator so that 
the Bme-Lase-2nerator output voltage - retraces" to its quiescent value 
corresponding to a spot position at the left-hand end of the graticule. At 
the same time the sweep-gating multivibrator removes the positive unblank- 
iJg vSage from the cathode-ray-tube grid so that we don’t see the spot 
during the retrace interval. 

4 

At the end of a sweep, 
the SWEEP LENGTH con¬ 
trol output sample of the 
time-base-generator ramp 
output waveform drives the 
sweep - gating -multivibra¬ 
tor input grid to the upper 
hysteresis limit (instant A 
in drawing a), thereby end¬ 
ing the sweep. The time- 
base-generator output vol¬ 
tage rapidly drops toward 
its quiescent value, as 
Indicated'in intervul K of 
the SWEEP LENGTH con¬ 
trol output sample of this 
waveform. Thus, a new 
triggering waveform 
might prematurely start a 
new sweep as shown, before 
the time-baae-generator 
output voltage has returned 
to its quiescent value cor¬ 
responding to a spot posi¬ 
tion at the left-hand end 
of the graticule and before 

any resulting transients die 

out.i But in drawing b, the 
hold-off-circuit time con¬ 
stant prevents the sweep- 
gating - multivibrator in¬ 
put-grid voltage from drop¬ 
ping too rapidly; thus trig¬ 
gering spikes such as 
can't actuate the multivi¬ 
brator prematurely. 

SuDDoae that as the time-base-generator output voltage returns toward 
Ihe ramp «mplc (rom .he SWEEP LENGTH control 

also returns rapidly to its quiescent value ( aeeln '® rva *^ ^J 8 . 1 .-ll 
As a result a new Incoming negative trigger spike (T 4 , Fig. ll-9a) from 
the differentiator can actuate the sweep-gating multivibrator--thus. pre¬ 
maturely starting a new sweep at a spurious starting point to the right of 
the left hand end of the graticule. For a repetidve displayed wavefom. 
the resulting new trace won't appear directly on top of the P rece ^i"? : ® “ ‘ 
In other words this premature new sweep blurs the display. Theref r , 
we don’t want a new sweep to start until the time-base-generator output 
has returned entirely to its quiescent value, corresponding to a spot position 
at the left-hand end of the graticule. In fact, we don't want any new sweep 
to start until any transients in the horizontal-deflection system, caused 
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by the rapid retrace voltage change, have died out* Therefore we include 
a time-constant circuit made up of the hold-off capacitor Cl80 and the VI83A 
cathode resistor R181 (Tig* 11-3). While the ramp sample in the hold- 
off circuit rises, the cathode of Vi83A can raise the voltage across this 
time - con s tanTTTr cult rapidly--at the same time charging C18Q. But when 
the time-base-generator output sample from the SWEEP LENGTH control 
drops toward its quiescent value, the charge in Cl80 can leak off only 
through R181* Consequently the hold-off-circuit output waveform can iM 
only according to an RC discharge curve (Chap* 2) as shown in Interval 
M Fig 11-9b* Therefore the sweep-gating-multl vibrator input-grid voltage 
drops comparatively slowly* Thus a new negative trigger wave from 
the differentiator can't drive the sweep-gating-multivibrator input grid 
down past its lower hysteresis limit until the time-base-generator output 
falls to its quiescent value and any transients have died out* 

Suppose we set the TIME/CM switch for a slower horizontal trace (larger 
timing capacitor and/or resistor}* Then the succeeding retrace interval 
tends to increase (while the timing capacitor discharges through the timing 
resistor). Thus for slower sweep rates, we need longer hold-off intervals. 
To provide appropriate hold-off intervals for various sweep rates , we provide 
contacts on the TIME/CM switch to introduce various hold-off capacitors 
and resistors in addition to Cl 80 and R18L (see Fig, 11-8), 



j- rirt - ru nn i ng limi 1 bwi* - 
tiyuu-m optrJiion her*. 1 ** 

sli thtf STABILITY eWirol 

ire (I to Ihc right ufoek* 
wj*e) h Tnen alter each 
sweep the ft weep-gating- 
multivibrator mpur grid 
returns 10 the low dr level 
set by the STABILITY con¬ 
trol --A ik level below [he 
lower hytiteT<MnUi limit. 
Therefore "a new #wftep 
occurs inrunedi ate 1) , even 
If we don’t apply input 
triggering wtvetorm- Con- 
sequent Iy tilt tlmt 'b4tie 
system gemrr*treft * peri¬ 
odic tiawtotirh output wave¬ 
form m a frec-runnin* 
manner. 


1 Free-running sweep. Suppose we set the STABILITY control (Fig. 
11-3) at or near the full-right (clockwise) end of its range. In this way 
we can set the sweep-gating-multivibrator input dc level to a relatively 
large negative voltage below the sweep-gating multivibrator lower hysteresis 
limit (Fig. 11-10). Thus we actuate the sweep-gating multivibrator and 
start a sweep. When the resulting ramp sample from the SWEEP LENGIH 
control rises to the sweep-gating-multivibrator upper hysteresis Umir, 
the sweep-gating multivibrator returns to its first stable state, stopping 
the sweep. Consequently the hold-off output volt age drops toward its quiescent 
value. When this hold-off output voltage drops below the sweep-gating- 
multlvibracor lower hysteresis limit (interval N, Fig. 11-10), the sweep- 
gating multivibrator returns to its second stable state--starting a new sweep. 
Thus if we turn the ST .ABILITY control into the right-hand part of its range,, 
then the system comprising the sweep-gating multivibrator, the disconnect 
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diodes the time-base generator, and the hold-off circuit operates In a 
fiee LnL manner. In this way we can use the oscilloscope to genera e 
SsST^velorm, (.«iUU. « .M SAWTOOTH OOT .,rml„a) 
taneous positive rectangular waveforms (available at the +CATE term.injJ). 

To set the repetition frequency of these waveforms, we can use the HME/ 
CM switch as a course repetition-frequency control; and we can use the 
VARIABLE TIME/CM control as a tine frequency control We can also 
use the STABILITY control as a fine frequency control, since the SI ABIl.l TA 
Setting controls the interval N (Fig. U-10). 

m , How to ad lust the STABILITY control. The free-runni ng time- 
base^system operation just described gives us a useful indication in adjust¬ 
ing the STABILITY control for triggered time-base operation. 

HOW TO SET THE STABILITY CONTROL 

! We turn the STABILITY control full right , placing the stability-! 
cathode-follo^r output voltage below the sweep-gating-multivibrator lower 
hysteresis limit (Fig. 11-Ua). Thus the time-base system free runs, as 
iust described. Therefore we see an unstable display of the vertical- 
Input waveform on the cathode-ray-tube screen. If, incidentally, trigger 
signals are arriving from the differentiator they appear superimposed on 
the sweep-gating-multivibrator grid-input waveform as shown in Fig. U-Ua. 

* STABILITY control, we want to see the effects of the 
STABILITY -i.jjstmente alone with no trigger input to the sweep-gating 
multivibrator. Therefore we turn the TRIGGERING LEVEL control ful l 
right or full left where no trigger-input waveform of any ordinary amplitude 
cm actuate the t rigger multivibrator. Thus (Fig. 11-lib) no trigger signals 
appear at the sweep-gating-multivibrator input grid. 

3 If we now turn the STABILITY control slowly to the left , we raise 
the stability -cathode-follower output voltage to a value somewhat above 
ithe sweep-gating-multivibrator dower hysteresis limit (Fig, 11-llc). Here 
the time-base system no longer free runs and the display disappears. 

4 Now to achieve a stable display, we turn the TRIGGE RING LEVEL 
rnnri-nl slowlv toward its center (0) position so that the trigger-input wave¬ 
fo rm again actuates the trf gge? multivibrator. When the resulting trigger 
waveforms actuate the sweep-gating multivibrator we observe a stable 
display. The waveform at the sweep-gating-multivibrator grid is that 

of Fig. 11 -9b,____] 

\Aam ^ ^ ± -**■ * —: . - -- 

AS a factory or maintenance adjustment, we car, se: mis r 
control for'triggered operation of the sweep-gating multivibrator as just 
described. In most such oscilloscopes we can switch the PRESET 
control into the circuit (in place of the front -panel STABILITY control) 
bv turning the front-panel STABILITY control full left to actuate a switch 
In other oscilloscopes the PRESET ADJUST control comes lnto play only 
when we turn the TRIGGERING MODE switch to the AUTOMATIC mode. 
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n. HF S YNC mode . When we display a repetitive waveform whose fre¬ 
quency is several megacycles , we can sometimes use the free-running 
8weep operation to advantage. To do this, we set the TRIGGERING MODE 
switch to the HF SYNC position. In this HF SYNC position, the TRIGGERING 
MODE switch bypasses the trigger-input amplifier and the trigger multi¬ 
vibrator (Fig. 11-3), applying the "triggering" signal directly to the sweep¬ 
gating multivlbrutor input grid. Then, starting with the STABILITY control 
full right, we can turn the STABILITY control slowly toward the left until 
we synchronize the free-running time-base-generator output waveform with 
the " triggering" signal. In this way we can achieve a stable display. 





IMutfirating the theory of 
how wc act the STABILITY 
control for triggeredtime- 
ba*c-*yatem operation. In 
drawing a, we net theSTA- 
HII 11 Y control for free- 
running operation, a*, pre¬ 
viously described. The 
resulting sawtooth output 
waveform has no specific 
time relation to the input 
triggering spikes. Indraw- 
Ing h we eliminate the trig¬ 
gering spikes, by turning 
the TKIGCLHING LLVLL 
control full right or full 
left so that any ordinary 
input • signal amplitude 
won't actuate the triggering 
multivibrator. Indrawingc 
we turn the STABILITY 
conrrol sufficiently to the 
left to raise the sweep- 
gating-multivibrator in- 
put-grid dc level a little 
above the lower hysteresis 
limit, thereby stopping the 
free - running sweep In 
drawing J we turn the 
I HICChKING LLVLL con¬ 
trol toward its center 
position so thatvtnput trig 
ger spikes appear, these 
spikes actuate the time- 
base system in a specific 
time relation to the dis¬ 
played waveform. 


o. Usings a dual-trace plug in unit. Suppose our oscilloscope includes 
the horizontal-deflection system of Fifc. 11 3,, and suppose that we use 
i t gy-Eft * p.--/ 

in-unit mode switch lor Ai-IEFNAlE t* we LeoO to -ri 

in unit with a negative-going pulse to switch traces after each horizontal 
sweep. In Fig. 11-3, when the sweep-gating multivibrator goes back to 
its first stable state ’and thus ends the sweep, both the plate current and 


♦Such as the Type 53C, Type 53/54C, or Type CA. 
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„ VMS rut off We differentiate this screen-current 
the scr *? n C "[lPj Fig 3 _iOb) to produce a positive-going pulse. We 
drop with LR149 ( 8ee l F tr lg nil f Re 1 7^^ g rid of an amplifier tube, V154A. 

Thee i rcult r y^ho wn "ln°Fig. 11-3 ordinarily keeps the plate of V154A negative 

Ld the ^cieT.sltlve so that this tube doesn’t conduct plate current, 
and the cathod P° , D l UK .in preamplifier Into the oscilloscope. 

But when we Insert the dual-trace plug in^p ■ P ^ voltage8 that 

nut viMA lnto plate-current conduction. Now. with V154A conducting 
fhis t^be serves as a plate-loaded amplifier to deliver (at connector terminal 
1? ^ an inverted (negative-going) version of the input pulse from the 

N °' n f V145 This negative-going pulse cwitches the dual-trace plug- 

“Ttt 1r«. «™ ^ot efch g .. P e ep-pro. 1 d 1 „ g .l,er..«c U .pUyso, 

two different vertical-input waveforms. 

But if we use the dual-trace plug-in unit in the CHOPPED mode (rather 
than the ALTERNATE mode), the display might show spumous 
that occur when the plug-in unit switches from one trace to the other W 

inverted (Dositive-going) version of this pulse. We can p 
Ho? stoiST at the back of the oscilloscope to apply this positive-going 
pulse to the cathode-ray-tube cathode. In this way we can blank ou 
spurious trace-switching transients from the display. 

d- Horizontal amplifier . To apply the 

to the horizontal-amplifier input, we set the HORIZONTAL DISPLAY swl 
FU li-3)WNORM, (or to 5X MAG.). For the moment, assume we set 

h/HORIZONTAL DISPLAY switch at NORM. Along with the time-base- 

we apply .o .ha 

the horizontal-positioning voltage that we cot*rol with the HORIZONT 
POSITION and VERNIER controls. To get both of these voltag 

a° "long -1a 1 led ? voh age'" dlv Ider “sec^sT^^F^ThT upper Button of this 
resistors. 

Cathode follower V343A applies the time-base-generator sawtooth output 
(and dc ^sitioning voltage) to the grid .of another cathode follower. V343B 
| -• alTshortly^ake up the purpose of the resistance-capacitance network 

ha „ - ' two tubes.) The output from V343B drives a paraphase 

circuit (Sec / -a) using V364A and V384A, that delivers a push-pull version 

5 the tlme-base-geneitor output sawtooth waveform. We apply this push- 

Su aSLoa-Jucttt. ...erorm, by way of catote lb Uo»«r . 

and V384B. to the cathode-ray-tube horizontal-deflection ™ 

cathode-follower circuits include bootstrap capacitors C364 and C384 (Sec. 
6-10) to improve the horizontal-amplifier response at thefaster sweep rat . 

The cathode of V364B drives the left-hand horizontal-deflection plate. 
ThiJ deflection plate should go negative linearly during the forward trace. 
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But for fast sweeps, when V364B cathode tries to drive this deflection 
plate rapidly negative, the deflection-plate capacitance and circuit capacitance 
tend to distort the ideal linear deflection ramp into an HC -discharge curve, 
spoiling the sweep linearity. To help V364B drive the left-hand deflection 
plate negative, we use V398 instead of a cathode resistor for V364B* And 
we apply to ’the grid of V398 a sample of the positive-going deflection 
waveform from the right-hand deflection plate* We apply this sample 
by way of the small capacitance C39G ( so that a significant part of the sample 
reaches V398 grid only at fast sweep rates. The corresponding inverted 
(negative-going) waveform at the plate of V398 helps drive the left-hand 
deflection plate negative at fa*t sweep races* 

q. Negative-feedback loop. We apply the negative-going output hart- 
zontal- deflection waveform to the upper end of R355, From a simplified 
viewpoint we can consider R355 and its associated resistors as the upper 
part of a* voltage divider. When we set the HORIZONTAL DISPLAY switch 
to NORM*, the lower part of the divider consists of R348, R349, and the 
internal output impedance of the cathode follower stage that includes V343A* 
In this way we apply a sample of the output negative-going horizontal- 
deflection waveform to the grid of V343B* (The amplitude of this sample 
depends upon the voltage-division ratio of the 11 voltage divider 11 we just 
mentioned.) Thus the part of the circuit that includes V343B, V364, and 
V384 acts as a negative-feedback amplifier* Although this negative-feedback 
effect reduces the amplifier voltage gain, the negative feedback improves 
the linearity of the amplifier. Furthermore, since the amplifier and feedback 
system are dc-coupled, the negative feedback stabilizes the dc voltage 
levels in the amplifier* 

r , sx MAGNIFIER. The 5X MAG. provision increases the sweep rate 
(originally set by the”TIME/CM switch) by a factor of five* To aecompHsh 
this result we Increase the horizontal-amplifier voltage gain by a factor 
of five. And to get this added gain we reduce the amount of negative feed¬ 
back (Sec* il-3£). Specifically, when we set the HORIZONTAL DISPLAY 
switch to the 5X MAG* position, we remove R348 and R349 from the lower 
section of the negative-feedback voltage divider at the grid of V343B. Thus 
we reduce the negative feedback by applying a smaller negative-feedback 
voltage from the output cathode follower V364B to the grid of V343B. 

s* Internal gain adjustments * The MAG, GAIN control sets the gain 
of the amplifier stage involving V364A andV384A, This gain control functions 
in the manner of a variable gain control as described in Sec. 7-6* Before 
we adjust the MAG* GAIN control, we set the HORIZONTAL DISPLAY switch 
to 5X MAG* so that the additional gain control (the SWP* CAL control, 
a part of the feedback divider we mentioned in Sec* 11-3q) doesn't affect 
the over-all gain* We set the TIME/CM control for a moderate sweep rate 
and adjust the MAG. GAIN control so that displayed time markers from 
an external time-mark generator show that the horizontal sweep rate is 
five times the TIME/CM setting. Then we can set the HORIZONTAL DIS¬ 
PLAY switch to NORM, and adjust the SWP. CAL. control so that displayed 
time marks show that the horizontal sweep rate equals the TIME/CM 
setting* * 


, NORM./MAG. REGIS, adjustment . Suppose that, when we set the 
HORIZONTAL DISPLAY switch to NORM., a certain part of the din played 
waveform occupies the middle two centimeters of the display horizontally 
to occupy the entire graticule length. 


But when we turn the HORIZONTAL DISPLAY switch from NORM, to 
5X MAG we remove R348 and R349 from the horizontal-amplifier circuit. 
Thus we might change the dc voltage levels, so that a given point on the 
display might not register at the graticule horizontal center for both the 
NORM and 5X MAG. positions of the HORIZONTAL DISPLAY switch, lo 
correct such a registration error, we set the HORIZONTAL DISPLAY switch 
to 5X MAG. and use the HORIZONTAL POSITION control to center some 
part of the display (such as a specific mark in a time-mark train) horizonta y 
on the graticule. Then we set the HORIZONTAL DISPLAY switch to NORM 
and set the NORM./MAG. REGIS, control to center again the same time mar* 
horizontally on the graticule. This method works by making the hori z ontal- 
amplifier inta^nal dc levels the same for both the NORM, and the 5X MAG. 
positions of the HORIZONTAL DISPLAY switch. 


u External horizontal amplifier. Suppose we want to use eome externally 
generated waveform, instead of the linear time-base-generator output 
waveform to deflect the cathode-ray-tube beam horizontally. To do this 
we can apply the external horizontal-deflection waveform to the oscilloscope 
front-panel HORIZ. INPUT terminal (Fig. 11-3), and set the HORIZON 1 AL 
DISPLAY switch to EXT. In this way we apply the external horizontal- 
deflection waveform to the Input of the cathode follower V3Q3A which drives 
the cathode-coupled amplifier V314 (see Sec^-l). And when we set the 
HORIZONTAL DISPLAY switch to EXT. we also connect the output circuit 
of this cathode-coupled amplifier to the horizontal-amplifier input. For 
external horizontal-deflection waveforms of moderate amplitude, we set 
the HORIZONTAL AMPLIFIER switch to EXT. XI so that we *PPly the 
-'ni horizontal-deflection waveform directly to the grid of V303A. 
F , ie external horizontal-deflection waveforms, we set the 

HORIZONTAL AMPLIFIER switch to EXT. X10, thus inserting a 10-to-l 
compensated voltage divider In the Input circuit of V303A. 


To adjust the amount of deflection produced by the external horizontal- 
deflection waveform we can use the front-panel EXTERNAL HORIZ. ATTEN. 
control which functions in the manner of a VARIABLE gain control (Sec. 
7-6). We can adjust the internal EXT. HORIZ. DC BAL. control so that 
the trace doesn't shift noticeably sidewise when we turn the EXTERNAL 
HORIZ. ATTEN. control (Sec. 7-6). 
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HOLD-OFF Clp-CUIT 


important 



The frequency response and risetime of the combined horizontal 
amplifier and external horizontal amplifier are usually more limited 
than In the case of the vertical-deflection system. Thus the horizontal- 
amplifier output amplitude drops off for rapidly changing waveforms. 
Don't trv to make up for this reduced output by applying too large an 
Input signal or by advancing the EXTERNAL HORIZ. A ITEN. control 
too far. That is, if you use a high-frequency or rapidly changing external 
horizontal-deflection waveform, don't try :o get full-graticule-length 
displays--you will probably drive the horizontal -amplifier tubes Into 
compression (Sec. 5 - 15 ) and thus distort thedlsplay. See your instruction 
Manual* __ 


11-4 Single-swee p feature. In some oscilloscopes, one or more fy ^her 
features are added to the basic horizontal-deflection system of Fig. U-3. 
These additional features can Include; (1) the single-sweep feature (2) the 
delayed-trigger feature, and (3) the delayed-sweep feature. In horizontal- 
deflection systems that Include these features, we can select these additional 
features by means of the HORIZONTAL DISPLAY switch. 

Single-sweep operation Is very useful for certain operations. Basically, 
when we use the single-sweep feature, the time-base system operates as 
follows; After the time-ba se system causes a swe ep , no further sweeps, 
can occur until we operate the front-panel RESET control. 

The aingle-'Bweep feature Is fundamentally a modification of the stability - 

cathode-follower circuit. The stabiUty-cathode-follower circuit in the hori¬ 
zontal-deflection system we have been studying Is redrawn in Fig. 11- . 

Figure 11-13 shows this sc ability-cathode-follower circuit changed to Include 
the single-sweep feature. 

For what we can call "normal" time-base operation--as described in 
pi°^g sec^ons of this chapter-we ^ 
switch to the TIME BASE A* position in Fig. 11-13. 

-.ip-e voltage so that this tube effectively isn’t In the circuit. And V125 
. sr-aightforward stability cathode follower as we have previously 

studied* 

Suppose we turn the HORIZONTAL DISPLAY switch to the:<■.A" ISINGLE 
SWEEP** position so that we apply plate voltage to V1 33A. 
and V133A operate in a Schmitt-trigger circuit (Secs. 10-10 and 10-12 
to 10-15). We call this Schmitt trigger the lockout multivibrator (or trigger- 
gate generator). When the lockout multivibrator Is la the first atabUstat 
Vl33A is cut off and V125 conducts. Thus when the multivibrator Is in 
this first stable state, VI25 still acts as a simple stabiUty cathode follower. 


— *Or MAIN SWEEP NORMAL on some oscilloscopes. 
••Or MAIN SWEEP DELAYED on some oscilloscopes. 
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nu&acpt pulse 




Fig. 11-13 The nubility circuitry of Fig. U-12, I ^ tf ‘^ to .P™ v i d * 
the single-sweep feature. When we set the HORIZONTAL 
DISPLAY switch to TIME BASE B, TIME BASE A or EXT., 
we remove the plate voltage from V133A. Thus vl25 °** r * c 5* 
as a simple stability cathode follower, in the manner of V133A 
in l lg. 11*12. When in Fig. 11*13 we set the HORIZONTAL 
DISPLAY switch to "B" INTENSIFIED BY "A” or A 
DELAYED BY ”B," or " A" SINGLE SWEEP, we apply plate 
voltage to V133A. Then V12S and V133A operate as a Schmitt 
trigger. VI33 A normally conducts, holding the sweep-gating - 
multivibrator input grid at a relatively high dc J° tl “ l 
no sweeps can occur. But when we operate the RESET push¬ 
button we thereby cut off V133A and make VI23 conduct as 
described in the text. V125 again acts as a stability cathode 
follower. Therefore the dc level at the «- gat 1 n *''"“W 
rator input grid is simply that level established by the STABILITY 
control. 
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ss as.22 

RWO. The resulting relatively To'wgh ‘thal^comlng 

sweep-gatlng-multivlbrator lnpu g E^ n g'capacitor C131 can't actuate 
negative trigger spikes from the MereMMWV ^ ^ no aweepa whlle 

Te ^Clfivrmo^sTn the second stable state (V133A conducting). 



fa 11-14 Composite waveform at the ..c.p-gaung-mulllvlbr^ ,npu.^ 

* arid during single-sweep operation. Assume that 

already operated the RESET pushbutton.thus starting a sweep^ 

The broken line indicates the rising ramp sample from the 
SWEEP l LNGTH control. At instant li this ramp vo tage 

the A , r^rr„?“^s: 

„wcvp cud. -ml the Tir-mt 

drop; to r, aiyu* . curve M S "T . r -U v 

r,,.rrrr^‘^ u 

rr .»rss an.. n» «.«•.> *.•*- 

*Hd £tow the lower hy.tere... Hml. to 

Bui It we operate the KBSET billon again (lowtorvl 

hysteresis limit, a new sweep starts. 

r #»r UK follow the single-sweep circuitry through an operating cycle. 
Let us follow the sing f suppose the lockout multi- 

referring to Figs. 11-13 ^ ^ Vl25 conducti ng and V133A cut 

vibrator is in its fir qtarii ITY control full right 

*• ™ fvt‘ jet™? 

multivibrator input-grtf voltage a, • lib 

sample of the corresponding time-base-generator output wavefor . 
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At instant A the hold-off output-tube (V133B) grid voltage rises above 
the V125 grid voltage set by the STABILITY control. Then the voltage 
at the cathode of V133B rises above Ej. Thus the cathode voltage of VI25 
rises, so that at instant B the plate current cuts off in V125. (Actually 
instant B follows very closely after instant A.) Therefore the lockout 
multivibrator goes into its second stable state with V125 cut off and V133A 
conducting heavily. As a result the cathode of V133A raises the sweep- 
gating-multivibrator input grid to a higher voltage Eg. 

At instant C the hold-off output-tube (V133B) grid voltage rises above 
E#. Thus, very shortly, the cathode voltage of V133A rises to the point 
where plate current cuts off in V133A. Now the only current in the cathode 
resistor R130 is the current in V133B. The corresponding voltage drop 
in R130 drives the sweep-gating-multivibrator input grid more positive 
during the interval CD. At instant D the hold-off output voltage drives the 
sweep-gating-multivibrator input-grid voltage to the upper hysteresis limit. 
Therefore the sweep-gating multivibrator reverts to its first stable state. 
Consequently the time-base-generator output waveform stops rising and 
drops toward its quiescent level. At the same time (interval DF) the hold- 
off output voltage drops (although more slowly--see Sec. 11-3k). 

At instant F, the hold-off output-tube (V133B) grid voltage drops below 
E g . Thus the cathode voltage of V133A drops to the point where plate current 
again flows in V133A. Then the cathode current in V133A causes a voltage 
drop in R130 that holds the cathode voltage of V133B at Eg. Thus V133B 
cuts off, so that the only current in R130 is the current in VI33A. Con¬ 
sequently, after instant F, the sweep-gating-multivibrator input-grid voltage 
remains at Eg. 

Therefore, after instant F, V133A cathode holds the sweep-gating-multi¬ 
vibrator input-grid voltage so high that no sweep can occur --even though trig¬ 
ger spikes such as spike T might arrive from the differentiator. We can main¬ 
tain this situation indefinitely--until we operate the RESET pushbutton. 


Now suppose we operate the RESET pushbutton at some instant G. lhls 
operation rapidly raises the voltage at the pushbutton upper contact, t 102 
couples the resulting positive-going voltage change to the grid of amplitler 
VI14. A corresponding negative-going waveform appears at the plate of VI14. 
C125 couples this negative-going waveform to the grid of V133A, driving 
the lockout multivibrator back into its first stable state with VI25 conducting 
and V133A cut off. Thus when we close the RESET button at instant G (Fig. 
11-14), the sweep-gating-multivibrator input-grid voltage drops back to 
E ;, starting a new sweep. 


The over-all operation, with the HORIZONTAL DISPLAY switch at A 
SINGLE SWEEP and with the STABILITY control full right, produces a 
single horizontal sweep each time we operate the RESET button. Sweeps 
cannot occur at other times, even though trigger spikes might arrive from 
the differentiator. 
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11-5 Triggered single sweeps. Now suppose that instead of setting the 
STABILITY control full righT, as in the preceding section we set the 
STABILITY control for triggered operation of the sweep-gating multivibrator. 
To do this, we can either 

'b* STABILITY control for triggered operation as in Sec. 11-3m-- 
with the _NTAL DISPLAY switch at TIME BASE A (or MAIN SWEEP 

NORMAL). 

2 Or turn the STABILITY control full left to actuate the PRESET switch 
that'substitutes the internal PRESET ADJUST control for the STABILITY 
control. 



Fig 11-15 Composite waveform at the sweep-gating-multivibrator input 
grid during triggered single-sweep operation. Assume, at 
the left-hand end of the diagram, that a sweep is already under 
way. At instant /«, the SWEEP LENGTH ramp sample switches 
the sweep-gating multivibrator into Its^irst stable state, with 
V135A conducting. Therefore the sweep ends and the sweep¬ 
gating-multivibrator input-grid voltage drops to Kj along a 
curve determined by the hold-off-circuit time constant (interval 
I* Fig. 11-15). Since ** la a relatively positive voltage, 
evert an incoming trigger spike such as T, can’t drive the 
sweep-gating-multivibrator Input grid below the lower hysteresis 
limit to start a new sweep. But if we operate the RESET button 
(instant (!) we thereby switch the lockout multivibrator into 
its second ‘stable state with V125 conducting. Therefore the 
sweep-gatmg-multivlbrator input-grid voltage drops to the sta¬ 
bility dc level A,--a voltage that is lower than K e . Now an 
incoming trigger spike such as T* can drive the sweep-gating- 
multivibrator Input grid below the lower hysteresis limit 
(instant M), Starting a new sweep. 

Now when we turn the HORIZONTAL DISPLAY switch to 11 A" SINGLE 
SWEEP (or MAIN SWEEP DELAYED), a sweep can occur only after both 
these events occur--In this sequence: 


1. We operate the RESET pushbutton. 


2. And then a negative-going trigger spike arrives from the differentiator. 

« '^low this triggered single-sweep operation, referring to Figs. 11-13 
j AA _Xo .tart, suppose that a sweep is under way, ending at instant 
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D (Flu. 11-15). As in the preceding section, the hold-off circuit then lets 
the sweep-gatlng-multivibrator input-grid voltage fall gradually during the 
interval UP to the voltage Eg. Eg Is the voltage at the cathode of V125 
when that tube conducts-that Is, while the lockout multivibrator is in the 
second stable state. And as in the preceding section, no sweep can occur-- 
even though trigger spikes such as spike T, (Fig. 11-15) might arrive 
from the differentiator. We can maintain this situation Indefinitely--until 
we operate the RESET pushbutton. 

K M 

Fig. 11-16 Desired operationU>obtain 
a delayed trigger. At In¬ 
aunt K, a displayed wave¬ 
form a triggers the tune- 
base system, starting a 
ramp output waveform b. 
After a controllable delay 
utterval /', we want a 
delayed-trigger waveform 
to appear (instant V). The 
following illustrations 
show how we accomplish 
this operation. 


' i 

I CONTROLLABLE , 
p*-DELAY TIME —► 


Now suppose that at some instant G we operate the RESET pushbutton 

This operation, as m the preceding section, drives the lockout multivibrator 

back into its first stable state with V125 conducting and V133A cut off. 
Thus when we close the RESET button at Instant G (Fig. 11-15), the sweep- 
gatlng-multivibrator input-grid voltage drops to iy-a voltage appropriate 
for friggered operation of the sweep-gating multivibrator At the same 
time since V133A cuts off, the voltage at the plate of V133A rises. rher ’ 
fore’the READY lamp lights, indicating that the time-base system w 
start a single sweep as soon as a negative trigger such as T, arrives 
from the differentiator. As soon as this trigger waveform arrives, the 
new sweep starts and the READY lamp ^lnguish^. After this new swe^ 
we can again operate the RESET pushbutton-lighting the READY lamp 
and readying the circuit for another triggered sweep. 
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The over-all operation, with the HORIZONTAL DISPLAY switch at " A" 
SINGLE SWEEP and with the STABILITY control set for triggered operation 
of the sweep-gating-multivibrator, produces a single horizontal sweep each 
time we operate the RESET pushbutton and then apply a triggering waveform. 
The READY lamp lights when we operate the RESET pushbutton. And at 
some instant during the sweep, the READY lamp extinguishes and remains 
extinguished. 

In the triggered-single-sweep operation, the READY lamp provides these 
indications: 

1. If the READY lamp is lighted, an incoming triggering signal can start 
the 8weep (barring, of course, the possibility of the STABILITY control 
getting turned away from the "triggered operation" position). 

2. If the READY lamp has been lighted, but is now extinguished, then a 
sweep has occurred (a useful indication when we are photographing waveforms). 

3. When the READY lamp is extinguished, we must push the RESET 
button to relight the READY lamp before a new sweep can start. 

11-6 Delayed triggers. For certain applications we find It useful if, 
from an output terminal on our oscilloscope, we can take a delayed-trigger 
waveform. Such a delayed-trigger waveform can be, for example, a positive 
spike that appears after a preselected interval D following the start of the 
sweep (Fig. 11-16). 


Figure 11-17 shows in block form a horizontal-deflection system that 
includes a delayed-trigger provision. (This diagram also shows, in simplified 
form, the single-sweep provision described in Secs. 11-4 and 11-5. Fig. 11-17 
indicates the interconnections involving the time-base-generator output, 
the horizontal-amplifier input, the unblanking circuit to the cathode-ray- 
tube grid, and the delay-pickoff input that we set up when we turn the HORI¬ 
ZONTAL DISPLAY switch to TIME BASE A or to " A" SINGLE SWEEP.) 
We call the circuitry that provides delayed-trigger operation the delay- 
pickoff circuit. The delay-pickoff circuit is shown in detail in Fig. 11-18. 
In using the delayed-trigger provision (Figs. 11-17 and 11-18), we apply 
the time-base-generator output ramp voltage to the input circuit of a difference 
amplifier (V414 and V424). This difference amplifier operates as a voltage 
discriminator as discussed in Secs. 7-2 and 7-4. According to Sec. 7-4, 
we should use a large value of resistance in the common-cathode circuit 
of V414 and V424, to maintain the sum of the cathode currents in these two 
tubes essentially ’constant. However, in Fig. 11-18, we use the plate-to- 
cathode circuit of V428A in place of this large value of common-cathode 
resistance. If the sum of the cathode currents in V414 and V424 tends to 
change, then the voltage drop across R428 in the cathode of V428A makes 
a compensating change--thus changing the V428A grid-to-cathodc bias 
voltage. In this way we hold essentially constant the current in V428A 
(and therefore the sum of the currents in V414 and V424). 
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When the difference amplifier is in its quiescent state, V414 is cut off 
while V424 conducts. V424 now operates in somewhat the manner of a 
cathode follower, so that the voltage at the cathodes of V414 and V424 
approximates the voltage at the grid of V424--and we can set the grid 
voltage of V424 by means of the DELAY-TIME MULTIPLIER. Now suppose 
the time-base-generator ramp output voltage raises the voltage to the grid 
of V414. As the ramp voltage rises, the voltage at the grid of V414 approaches 
the common-cathode voltage. Therefore V414 starts to conduct. The time 
required (after the input ramp waveform starts to rise) for V414 to start 
conducting depends upon two things: (l) the rate at which the ramp waveform 
rises, set by the TIME/CM switch, and (2) the cathode voltage of V414, set by 
the DELAY-TIME MULTIPLIER. Thu6 we can use the TIME/CM and DELAY¬ 
TIME MULTIPLIER controls to set the time-delay interval C (Fig. ll-19c) 
that separates the sweep start from the start of conduction in V414. 

But we have seen that V428A holds constant the sum of the cathode currents 
in V414 and V424. Thus when current flows in V 414 , the current in V424 
drops (Fig. ll-29d). Therefore the voltage at the plate of V424 rises (Fig. 
ll-19e). 

We apply this voltage rise to the input grid of a Schmitt trigger--the 
delayed-trlgger multivibrator V445. The delayed-trigger multivibrator " nor¬ 
mally" rests in its second stable state, with V445A cut off and with V445B 
conducting. When the plate voltage of V424 rises above the delayed-trigger- 
multivibrator upper hysteresis limit (Fig. ll-19e), the delayed-trigger 
multivibrator goes into its first stable state. Then V445A conducts while 
V44SB goes into cutoff. As a result, the voltage at the plate of V445B 
rises abruptly (Fig. ll-19f). 

When during the retrace, the time-base-generator output waveform (Fig. 
ll-19b)’drops below the cut-off grid voltage of V414, the above events reverse 
thems'elves as shown in Figs. 11-19b to 11-191. Thus the voltage at the plate 
of V445B again falls (Fig. ll-19f). We see that the over-all output waveform 
at the plate of V445B is a rectangular voltage pulse. 

We apply this rectangular waveform from the plate of V445B to a dif¬ 
ferentiator that involves C454, R454, and R45S (these two resistors are 
effectively in parallel as far as the changing signal is concerned). The 
differentiator output consists of positive and negative spikes, as shown 
in Fig. ll-19g. 

We use the spikes of Fig. ll-19g to drive a trigger " amplifier," V428B. 
With no signal Input, V428B is biased below cutoff. The positive spikes 
of Fig 11 - 19g drive V428B into conduction, producing positive output spikes 
at the cathode of V428B as shown in Fig. ll-19h. The negative spikes in 
Fig. ll-19g produce no plate-current change in V428B, since that tube 
is already ^cut off when these negative spikes arrive at the grid. (However 
it might be possible to observe negligible traces of the negative spikes 
that leak through V428B and its associated circuit, as shown in Fig. ll-19h). 

It. suounary, ia, s-ipoae we fine trigger a horizontal sweep (Sec. 11-2). 
Then, after * predeteniunto * a ufciagr ^ter*»au, v>t delayed -trigger 
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Horizontai-deflection-aystem connections when we set the HORl- 
Z0NTAL DISPLAY switch to TIME BASE B or to " B" IM LN- 
SU- 1ED HY "A." Here we use time-base system H (similar 
in principle to the original time-base system A) to drive the 
horizontal amplifier and thus produce horizontal spot deflect ion, 
and to drive the delay-pickolt system. When we set the HORI¬ 
ZONTAL DISPLAY switch to " B" INTENSIFIED HY "A" the 
delayed-trigger waveform actuates the lockout multivibrator 
If we set the time-base A STABILITY control full right, 
time-base system A delivers a ramp output and also an unblauk ' 
ing waveform. The amplitude of this time-base A unblanking 
waveform is greater than that of the time base H unblanking 
waveform. Therefore the trace is brighter during the rising 
ramp interval of the time-base A output waveform. 
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., 7 X1ME BASE B When we set the HORIZONTAL DISPLAY switch to 
p™ s we totnxiuce a separate, complete time-base system (time- 
- ’ . D i ace of the time-base system we have been considering 

base s>. * P 11-20) That is when we set the HORIZONTAL 

Di?p e LAY e sXh m to TIME BASE B. we set up the following interconnections 
within the horizontal-deflection system: 

1 We use the output from time-base system B to drive the horizontal 
amplifier and thus to deflect the cathode-ray-tube spot horizontally. 

2. We use the output from time-base system B to drive the delay- 
pickoff circuit. 

3. We use the unblanking waveform from the time-base-system B sweep¬ 
gating multivibrator to unblank the cathode-ray-tube spot. 

4 . We remove the plate voltage from V133A. thus disabling the single¬ 
sweep action in time-base system A. 

in other Cords, an oscilloscope that Includes the TIME BASE B (or 
riFl AYING SWEEP) feature effectively provides a spare time-base system. 
Time-base system fl operates in much the same way as time-base system 
A, except for a few details. Therefore we shall not show here a detailed 
diagram of time-base system B. 

Of course we include time-base system B in the oscilloscope not actually 
as a spare system but for the operational flexibility it provides, as we sh 

describe. 


II-8 " B" INTENSIFIED BY "A" . As apreiiminarytostudyi^ the 

delaying-sweep feature, let us study the operation B DJTENS FIED 
"A "which is also illustrated in Fig. 11-20. When we set the HORIZONTAL 
DISPLAY switch to " B" INTENSIFIED BY " A." we set up interconnections 
within the horlzontal-deflectioh system that allow us to perform the fol ow- 
ing operations: 

, - -> .:AM-ligg. -a —* -w-****—— 

waveiorEL- As * - 

snown in Fig. 

2. Concurrently with the ramp output waveform 
*> the sweep-gating multivibrator in time-base system B delivers an 
u-t waveform (Fig. ll-21c). We apply this u^lanking wave¬ 
form to ... ..ode-ray-tube grid via the cathode follower V293A. 

3 We use the ramp output from time-base system B to drive the delay 
pickoff system. Figure ll-21d shows the resulting delayed-trigger output 
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from the delay-pickoff system. As described in Sec 11-6, the appearance 
of the delayed-trigger waveform (instant M) is separated from the triggering 
instant K by a delay-time interval--an interval that we can preset as the 
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Fig. 11-21 


Detailed »«.elonr.* »rum^g tr* c^crat.c« of t&e •>*’•***» of 
Fig. 11.AJ wr.en *e «.« the HORIZONTAL DISPLAY .witch 
to •' B" INTENSlf 1 ED BY " A." 


product of the tlme-ba8e B timing-switch setting times the DELAY-TIME 
MULTIPLIER setting, in the case of time-base system B, we identify the 
timing switch with a front-panel label TIME/CM OR DELAY TIME. 

4. We apply plate voltage to V133A, thus making operative the " single- 
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sweep" feature of time-base system A. But instead of actuating the lock¬ 
out multivibrator by means of the RESET pushbutton, we now actuate the 
lockout multivibrator by means of the positive delayed-trigger spike (Fig. 
ITS tom Che delay-pickoM .ya.e.m Figto 11-21. .ho™ ttetokom- 
multivibrator output--assuming that we set the time-base A STABILITY 
control full right. 

5 Since we have now actuated the lockout multivibrator, and since we 
have set the time-base A STABILITY control full right, time-base system 
A delivers its ramp output waveform (Fig. ll-21f). in the present operation 
/HUH INTENSIFIED BY "A"), however, we don't use this ramp output 
waveform from time-base syJtem A in any way related to the display. 

6. Concurrently with the ramp output waveform from time-base system 
A the sweep-gating multivibrator in time-base system A delivers an 
u Vising 0Ut p Ut waveform (Fig. ll-2l£). We apply this unblanklng wave- 
fc ari -de-ray-tube grid via the cathode follower V183B. Note 

th at when ...e HORIZONTAL DISPLAY switch to " B" INTENSIFIED 

BY " A " we parallel the cathode circuits of the unblanking cathode followers 
V293A and VMISB. Thus whichever cathode-follower grid has the more 
positive voltage raises the common-cathode circuit to a potential sufficient 
to cut off the plate current in the other cathode follower. But we intentionally 

arrange the circuitry so that the unblanklng voltage from time-base Hystem 

a appreciably exceeds the unblanklng voltage from time-buse system H 
(contrast Fig. ll-2lc with Fig. ll-2l£). Therefore, during the ramp rise 
in the output from time-base system A, the unblanking output from time-base 
system A overrides the lower-amplitude unblanklng output from time-base 
svstem H The resulting composite unblanking waveform that reaches the 
cathode-ray-tube grid is shown in Fig. ll-21h. We see that while time- 
base system A delivers its ramp and unblanking output waveforms, the 
trace is brighter than when time-base system B alone delivers an unblank¬ 
ing waveform. Thus we apply the term " B" INTENSIFIED BY A to this 
operation. (If we turn the INTENSITY control too high, we might not discern 
the difference in trace brightness.) The brightened portion of the display 
lasts during the ramp rise in the putput from time-base system A. 

In summary, we can preset the delay-time interval KA/as the product 
of the time-base It TIME/CM OR DELAY TIME setting times the DELAY¬ 
TIME MULTIPLIER setting. And we can set the duration M/' of ' h ^kU g htene 
portion of the display by means of the time-base A TIME/CM control. 

« • 

ii-9 " A M HF.I AYHD BY " B." Suppose we operate our oscilloscope 
»i:;. the HORIZONTAL DISPLAY switch at " B" INTENSIFIED BY■" A" 
as described in the preceding section. H »e now set me «D*^ ZON 1 
DISPLAY switch to " A" DELAYED BY - B” we arrange the nonzontal- 
deflection circuits as shown in Fig. 11-22. Note that we thus disconnect 
the time-base-system B unblanking-cathode-follower output, so that only 
the time-base system A unblanking waveform (Fig. ll-23g) 
cathode-ray-tube grid. If we leave the time-base-system A STABILI1Y 
control full right, the other waveforms remain unaltered as shown in Mg. 
11-23. 
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But Fig. 11-22 shows that we now drive the horizontal-amplifier input 
with the time-base-system A ramp output, rather than with the time-base- 


4 

Is 



Fig. 11-22 Horlzontal-dcflectlon-systcm connections when wc*ct th*HORI¬ 
ZONTAL DISPLAY switch to " A H DELAYED HY "H." Here 
we use the time-base system H to drive the delay-pu koff 
system The res-lting delayed-trigger waveform Situates the 
lockout multivibrator Therefore. it we wet the time base 
4 ST ANILITY control full right, time-base system I delivers 
a ramp output that we use to drive the horizontal amplifier ami 
thus to produce horizontal spot deflection. Ihua, after wi 
trigger time-base K, the display starts following an Interval 
It that is equal to the product of the I IMh/t M OH DELAY 
TIME setting times the DELAY-TIME MULTlPUtH setting. 

system U ramp output. Thus the portion of the display that wa6 brightened 
when we set the HORIZONTAL DISPLAY switch to "B" INTENSIFIED BY 
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•' A" now expands horizontally to occupy the entire graticule when we set 
the HORIZONTAL DISPLAY switch to " A" DELAYED BY " B." 



In other words, the display now starts after a delay-time interval KM 
following the instant K when we triggered time-base system B. We can 
preset this delay-time interval as the product of the time-base B TIME/CM 
OR DELAY TIME setting times the DELAY-TIME MULTIPLIER setting. 
(For this reason, time-base system B is identified in many oscilloscopes 
as a 11 delaying sweep. 11 ) And we can of course set the horizontal 6weep 
rate by means of the time-base A TIME/CM control. 
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Among the purposes for which we can use this " A" DELAYED BY " B M 
operation is to display, over the entire graticule length, a single selected 
pulse from a train of pulses that follows an initial starting pulse. For this 
purpose, we must be able to set the time-base B TRIGGERING LEVEL 
control so that the starting pulse, rather than some other pulse in the train, 
functions as a triggering waveform for time-base B . We can do this if 
the starting-pulse amplitude exceeds the amplitude of any other pulse in 
the train (Fig. 11-24). Or, alternatively, we can use the starting pulse as 
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STARTING PULSE 

e —SET TIME BASE b TRIGGERING LEVEL 


- 


k—L CONTR-OL 1 

IN THIS R-ANCE 



t 








DISPLAYED WAVEFORM 

Fig. 11-24 When the marling pul«c in a wave train haa an amplitude 
greater than that of any other pulae In the train, we aimply 
turn the tlme-baae H TKICCLK1NG LEVEL control to a aetting 
auch that only the starting pulse can trigger time-base H. 


a triggering waveform for time-base B if the starting-pulse duration exceeds 
the duration of any other pulse in the train , in the latter case, we apply 
a sample of the displayed waveform (say, from the oscilloscope VERT. 
S1G. OUT terminal) to an integrator. Then the longer starting pulse produces 
an integrator-output pulse whose amplitude exceeds that of other pulses 
(Fig. 11-25). We can apply the integrator output to the time-base B TRIGGER 
INPUT connector to actuate time base B (Fig. 11-26). 

DISPLAYED WAVEFOR.M 


( -SET TIME BASE ft TR-ICCER-INGa LEVEL 

CONTROL IN THIS R-ANOE 



INTESR-ATOR. OUTPUT 

Fig. 11-25 Sometimes the starting pulse is a longer pulse than the others, 
or is a double pulse, rather than a higher-amplitude pulse. 
In this case, we can use an integrator to build up the starring 
pulse amplitude so that only the integrated starting pulse 
can trigger time base H. 


Sometimes the time spacing between the starting pulse and the individual 
pulse we want to display is not constant. This variation in time spacing 
might occur because of unintentional jitter in die system we are examining; 
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or the variation might occur because of intentional time-position modulation 
of the pulse we are displaying. In such cases we can nevertheless achieve 
a stable display of the desired single pulse. To do this we set the time- 
base A TRIGGER SLOPE, TRIGGERING MODE, TRIGGERING LEVEL, 
and STABILITY controls so that time-base system A starts the horizontal 
trace In response to the leading edge of the pulse we want to display. We 
can call this operation " delayed-and-triggered sweep" operation. The 
corresponding waveforms are shown in Fig. 11-27. Note that at instant 
M in Fig. ll-27e, when the delayed trigger actuates the lockout multivibrator, 
the lockout-multivibrator output does not drive the time-base A sweep- 
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gati* to .. ' r input grid below the lower hysteresis limit--since 

we just set vuc time-base A STABILITY control for triggered operation. 
But at instant N the displayed-pulse leading edge makes the time-base 
A trigger multivibrator and differentiator deliver a negative trigger spike 
(Fig. ll-27e). This trigger spike actuates the time-base A sweep-gating 
multivibrator, so that time-base system A delivers its ramp output (Fig. 
li-27f) and unblaaking output ^FLg. ll-27gL Thus we display that portion 
of the~waveform al Fig. II-27a that lies in i£e interval VP. 
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At any time we wish, we can turn the HORIZONTAL DISPLAY switch 
back to " B" INTENSIFIED BY " A." Then the brightened pan of the display 
tells us just what pan of the pulse train we display when we turn the HORI¬ 
ZONTAL DISPLAY switch to " A" DELAYED BY " B. M 
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DELAY-TIME 
MULTIPLIER 
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Fig. 11-27 When we set the HORIZONTAL DISPLAY switch to "A" 

DELAYED BY " B" and set the time-base A STABILITY 
control for triggered operation (instead of full right, as we 
did previously), the flrat time-base A triggering waveform 
that arrives after the delay Interval D starts the sweep. 

Depending upon the application, we might derive the triggering signals 
for time-base A and for time-base B from the same or different sources, 
including the waveform being displayed. Actually, an oscilloscope that 
includes the time-base B (delaying-sweep) feature is an extremely flexible 
and versatile instrument, capable of solving difficult display problems 
and serving as well as a source of various accurately timed waveforms. 
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ase-generator system 
circuit In Fig. 11-3. 



time-base system that was developed before the system shown in Fig. 11-3 
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In Fig. 11-28, the sweep-gating multivibrator (V211 and V212) operates 
in the manner of an Eccles-Jordan circuit (Sec. 10-11). When the Eccles- 
Jordan multivibrator is in either stable state,one tube conducts while the other 
tube is cut off. Thus, in the transition from one stable state to the other, 
the tube that originally conducts operates as an amplifier--until that tube 
reaches cutoff. In the circuit of Fig. 11-28, the sweep-gating multivibrator 
operates in a manner derived from the Eccles-Jordan multivibrator. But 
In Fig. 11-28, each of the original tubes in the Eccles-Jordan circuit is 
replaced by a cascode-amplifier circuit (Sec. 5-15). 

When the sweep-gating multivibrator in Fig. 11-28 is in its quiescent 
condition, V211A and V211B conduct plate current in a cascode configuration. 
Therefore the plate voltage of V211B is relatively low. We impress this 
low plate voltage on the grid of V212B by way of the cathode follower V210B. 
Consequently, the plate current in V212B and V212A is cut off. We apply 
the resulting high voltage at the plateof V212A to the voltage divider composed 
of R260 and R270; therefore, the voltage at the output of this divider is 
relatively high. We apply this high divider-output voltage to the plate 
of diode V215A and to the grid of cathode follower V214B. Therefore diodes 
V215A and V215B conduct, clamping the voltages at the terminals of the 
timing capacitor C280 near ground. 

Furthermore, while the sweep-gating multivibrator is still in its quiescent 
stable state with V211 conducting, the resulting low voltage at the cathode 
of V210B cuts off V205B. The plate voltage of V205B tends to rise toward 
+ 225 volts (but we clamp this V205B plate voltage at a lower positive value 
by means of V205A connected as a diode. The relatively positive voltage 
at the plate of V205B reaches the grid of V204B, so that current flows in 
the cathode-to-plate circuits of V204B and V203A. 

To start the sweep, we apply a positive-going input triggering waveform 
to the grid of V203B. Then V203B and V203A operate as a cathode-coupled 
amplifier (Sec. 7-1), applying a positive-going input triggering waveform 
to the grid of V204A. As a result, some of the plate current in V211A 
now flows in V204A as well, subtracting from the plate current in V21 IB. 
Therefore the voltage at the plate of V2I1B rises so that the multivibrator 
goes into its other stable state in the manner we studied for the Eccles- 
Jordan circuit. When the multivibrator is in this new stable state, V212A 
and V212B conduct, so that the plate voltage of V212A drops, cutting off 
the plate current in diodes V215A and V215B. Thus the Miller runup circuit 
(comprising the circuits of V220, V221A and V213A) develops its positive¬ 
going ramp output voltage. V213A, long-tailed by the timing resistor R282, 
is intended to help hold the timing-capacitor charging current constant. 

When we triggered the sweep-gating multivibrator, a result was that 
V211B went into cutoff. We apply the resulting V211B plate-voltage rise, 
by way of cathode follower V210B, to the grid of V205B so that V205B 
conducts plate current. And we apply the resulting V205B plate-voltage 
drop to the grid of V204B, cutting off the plate current in V204B and V203A. 
Thus, during the time-base-generator runup interval, the cathode-coupled 
amplifier V203 cannot apply any further input triggering waveforms-- 
either positive or negative--to the grid of V2Cf4A. 
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By way of the SWEEP LENGTH control, we apply a sample of the time- 
base-generator positive-going ramp output voltage to the grid of V213B. 
When the ramp voltage rises to the point where V213B starts to conduct, 
some of the V212B plate current diverts from V212A into V213B. As a 
result, the V212A plate voltage rises so that sweep-gating multivibrator 
goes back into its quiescent stable state in the manner of an Eccles-Jordan 
circuit. The resulting V212A plate-voltage rise allows diodes V215A and 
V215B to conduct. The currents in these diodes discharge the timing 
* md clamp the timing-capacitor-terminal voltages near zero, 
thus env.. . -weep. 

When the sweep-gating multivibrator returned to its quiescent state, 
a result was that V211B went into plate-current conduction. We apply the 
resulting V211B plate-voltage fall, by way of cathode follower V210B, to 
the grid of V205B so that V205B goes into cutoff. Consequently the voltage 
at the plate of V205B rises--but the rate of this rise is limited by the time 
constant of the RC circuit that includes R235 and the hold-off capacitor 
C241. Thus, after a hold-off interval that we can control by selecting the 
value of C2j^l, the grid voltage of V204B rises to a value that allows V204B 
and V203A to conduct. Then, and only then, the cathode-coupled amplifier 
V203 can apply a new input positive-going triggering signal to start a 
new sweep. In this way we avoid triggering a new sweep until the time- 
base-generator and horizontal-amplifier circuits have returned the hori- 
zontal-deflection-plate voltages to their quiescent values corresponding 
to a spot position at the left-hand end of the graticule--and furthermore, 
until any resulting transients in the horizontal-deflection system have 
died out. 

The larger timing-capacitor value required for a slow sweep can delay 
the time-base system return to its quiescent voltage values. Therefore, 
for slow sweeps, we need larger hold-off-capacitor values to provide 
sufficiently long hold-off intervals. When Vfe set the T1ME/DIV switch, 
we select the timing capacitor C280 and the timing resistor R282 for the 
sweep rate we want. And at the same time the TIME/DIV switch inserts 
an appropriate value of hold-off capacitance C241. 


11-11 Clamp-tube time-base system . Figure 11-29 shows a practical 
form of clamp-tube time-base system (Secs. 9-2 to 9-4). The timing capacitor 
we select with the SWEEP TIME switch connects to the plate of the clamp 
tube V213. When the system Is in its quiescent condition V213 conducts, 
clamping the high-potential end of the timing capacitor at a voltage not 
much greater than zero. To start the sweep, we drive the grid of V213 
into cutoff by means of a negative-going gating waveform from the sweep¬ 
gating multivibrator V209 and V210. We take this gating waveform from 
the plate of V209, and the duration of the gating waveform is the duration 
of the quasi-stable state of the sweep-gating multivibrator. When we apply 
the negative-going gating waveform to the grid of V213, we thereby drive 
V213 into cutoff. Thus the+450-volt supply charges the timing capacitor 
through the timing resistor R292. When the plate voltage of V213 reaches 
the maximum desired sweep voltage, the NE2 neon lamp fires and starts 
conducting--thus limiting the peak amplitude of the time-base-generator 


11-45 


li 


iV 



output waveform. In this circuit, we take the time-base-generator output 
waveform from the coupling capacitor C237. We provide diode V214 to 
clamp the lower extremity of this time-base-generator output waveform 



at a fixed potential near zero volts, regardless of variations in duty factor 
or repetition rate. 
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Fig. 11-29 A clamp-tube time-base-generator system. 


The sweep-gating multivibrator is a plate-coupled monostable multi- 
vibrator (Secs 10-6 to 10-8). When we set the SWEEP TIME switch to 
.v. B»veeo rate we thereby also select the multivibrator time- 

constant , (C221 through C225). By thus selecting this capacitor, 

and also by setting R290 and R291 (ganged with the pSEC/CM control), 
we predetermine the interval between the sweep start and the instant when 
the sweep-gating multivibrator reverts to its quiescent stable state-- 
thus removing the gating waveform from the clamp-tube grid and ending 
the sweep. 

In addition to the negative-going gate waveform at the plate of V209, 
the sweep-gating multivibrator also simultaneously develops a positive¬ 
going rectangular wave at the plate of V210. In some circuits, we use 
this positive-going pulse as the unblanking waveform for the cathode-ray- 
tube grid. But in the circuit of Fig. 11 - 29 , we derive the unblanking wave¬ 
form from the voltage waveform at the grid of V210. As we learned in 
Sec. 10-7, the grid waveform of V210 during the multivibrator quasi¬ 
stable state resembles Fig. 11-30 (compare with Fig. 10-9b, interval 
BC). In Fig. 11-29, we apply this waveform to the grid of V212A. This 
waveform holilr V212A cut off during the quasi-stable interval BC--that 
is during the sweep interval. And we apply the resulting positive voltage 
at* V212A plate, by way of the cathode follower V 212B, to the cathode- 
ray-tube grid circuit as an unblanking waveform. 


Fig. U-30 V2I0 multivibrator - tube 
grid waveform In Fig. 11- 
29. Thin negative wave¬ 
form holds V212A cut off 
during the sweep. We apply 
u the resulting positive vol¬ 

tage at the plate of V212A 
to the cathode - ray - tube 
grid as an unblanklng 
voltage. 



To drive the sweep-gating multivibrator into its quasi-stable state and 
thus start the sweep, we use an input waveform from the trigger amplifier 
V. p -n drive V207 with an input signal from the trigger inverter V201A. 

For the erter input, we can select either a displayed-vertical 

waveform sample, or an externally derived triggering waveform, or the 
60-cycle power-line waveform. The trigger-inverter tube V201A has load 
resistors in both its plate and cathode circuits, so that we can drive V207 


ll-4?s 








with either an inverted trigger-input waveform or with a trigger-input 
waveform that is not inverted. Thus we can start the sweep either during 
the rise (- 1 - slope) or during the fall (- slope) of the triggering waveform. 



Fig. 11-31 Ac-coupled unblanking circuit. 

To select the height of the sweep-starting point on the displayed wave¬ 
form, we adjust the gain of the trigger amplifier V207 with the trigger 
AMPLITUDE control. This control sets the amount of negative grid-to- 
cathode bias voltage on V207, and thereby controls the voltage gain of that 
tube by shifting its operating point. 

In the time-base system shown, a switch at the right-hand end of the 
diagram allows us to select for a horizontal-deflection waveform either 
the time-base-generator ramp waveform, or an externally generated deflection 
waveform that we can apply to the EXTERNAL TRIGGER INPUT terminal, 
or a 60-cycle deflection waveform by means of the phase-shifting network 
C242 and R286. 


11*12 Unblanking circuits . As we have learned, the time-base-generator 
system develops a positive-going rectangular unblanking pulse simultaneously 
with the ramp output waveform that sweeps the cathode-ray-tube spot 
forward (left-to-right) across the screen. We apply the unblanking pulse 
to the cathode-ray tube so that we see the spot during the forward sweep 
of the spot but not during the right-to-left retrace. Let us consider some 
of the ways we can apply the unblanking pulse to the cathode-ray tube. 

a. RC -coupled unblanking . In the circuit of Fig. 11-31, we apply the 
unblanking waveform to the cathode-ray-tube grid by way of the coupling 
capacitor C. Here we apply the negative grid-to-cathode bias voltage 
to the cathode-ray-tube grid by way of the grid-return resistor R. We 
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can adjust this bias voltage with the INTENSITY control for suitable spot 
brightness while the grid receives the unblanking voltage during the forward 
trace; yet while the unblanking voltage is absent during the retrace interval, 
the electron beam is cut off so that we don't see the trace. 

Although this system is simple, it has some disadvantages. The applied 
unblanking pulse causes a small displacement current in C and R. For 
slow sweeps, the unblanking pulse is long; therefore this small displacement 
current changes the charge in C and allows the unblanking pulse at the 
cathode-ray-tube grid to sag. Thus the latter end of a slow trace appears 
dimmer than the earlier part of the trace. 





DC LEVEL 


A further problem arises when, for a given sweep TIME/CM setting, 
we is*> the sweep repetition frequency (that is, when we increase the 

unblai.^iii^ duty factor). For example, suppose we set the INTEN¬ 

SITY control uo that the dc level at the cathode-ray-tube grid is E 1 (Fig. 
ll-32a). Now suppose we apply to the coupling capacitor C (Fig. 11-31) 
a repetitive unblanking waveform that follows the graph of Fig. 11 -32b. 
During the interval A , the input unblanking pulse forces into the coupling 
capacitor C a charge indicated by the area Qj in Fig. 11-32b. But an ideal 
capacitor conducts no average dc current; thus, during the interval B 
(Fig. 11 -32b), a charge Q g flows out of C through R that precisely equals the 
charge Qj. Ths the areas marked and Q £ in Fig. 11-32b are equal. Or 
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what is the same thing, the repetitive unblanking pulses force rhe dc level 
at the cathode-ray-tube grid down from the INTENSITY control setting 
Ej to a new lower effective value E$. 

Now consider what happens if we increase the sweep repetition frequency 
(and therefore the unblanking-waveform duty factor), as shown in Fig. ll-32c. 
Here the charge Q £ that leaves the coupling capacitor C during interval 
B again must equaf the charge that the unblanking pulse supplied during 
interval A --since no average dc current flows in C. But now interval B 
is shorter than it was in Fig. 11-32b. Thus, in a way of speaking, the 
unblanking pulses force the effective dc level at the cathode-ray-tube grid 
still lower to a new value E s (Fig. 11 -32c). That is, the trace dims a- 
a result of increasing the unblanking-waveform duty factor. 
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Rg. 11-34 Dc-coupled unblanking circuit that utilizes a floating powe- 
supply. This system eliminates the disadvantage- ot the at 
coupled system of Fig. 11-31. 


This trace-dimming effect is partly counteracted by the increased duty 
factor of the trace itself; that is, a visible trace appears on the screen 
during a greater percentage of* a given long time interval. But the over ¬ 
all effect Is often a very apparent trace dimming; and to overcome this 
dimming we have to turn up the INTENSITY control. 

b. Unblanking oscillator . In some oscilloscopes we overcome ihe iwc 
problems ju6t mentioned by using the system of Fig. 11-33. Here we 
the positive-going unblanking' pulse (from the time-base system) to the 
input grid of amplifier V106B. We use the resulting negative-going wave¬ 
form at the plate of V106B to gate the suppic. - no v 

V107, operating in a Colpitts circuit. The osc r :aror frequency . ax 
10 megacycles. Note that the original positive-go, i* d.: g 
in effect gates the oscillator off . 

We link couple the oscillator output to a rectifier sy^em (V3 j 2 ; r 
cathode-ray-tube grid circuit. To blank the spet .urln^ .he ret^.^. a,.. 

the rectifier applies a negative rectified voltage to the cathode-ray-tubs 
To unblank the spot during the forward trace, o syt -*ply 




oscillator off ana ihu 'io es me resulting negative rectifier output dc 

voltage from 'he c.achod ay-1? V r er*d. 

-> A iice t'ie.e k no t : . c .-1 jt t <>uch as che one that involves R and C 
in F.g. . 31 v- *-uT >• • c.'. ;righuiea8 variations that occur when 
we use the circuit of F’ . 


£;_ i-‘c co u ple^ unhlan.- ln;'. lr.. one v/ldely used system, a floating power 

supply delivers a ne<T*rivc dc grid-to -cathode bias to the cathode-ray- 
f'lbe, in cerles /it! :hc unbla.'kir;j-pulse source (Fig. 11-34). We can 
adjust the ;sair intensify by the INTENSITY control in the floating-power- 
suppiy cult. Since :1 k emir- system is dc-coupled we avoid time-constant 
3roblems that contribute to the trace-brightness variations mentioned in 
paragraph a above. 
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APPARENT ELECTRON 



*■*«»• • .15 S.. :t,*m usinc special cathode-ray-tube deflection plates for 

• ‘ wc remove the positive unbUnking voltage 

!rorr* n?.i: * ihe . anode-rav beam deflects to plate M which 

i. positive potential Bur during the actual unblanMng 

electron beam seems to originate 
from new oim. Thi? ship can distort the end pf the display 

So v id . i>euMd pji of plates, cross-connected to the first. 

T 1 ' - . Jic.. •’-event the apparent electron-source 

pt ' orr» shifting. 


j ! ;p h1 rr ‘-^ n & fi-c o 2\ b - another system, we provide In the 
■od y ubr ?« ;)a or deflection nlares specifically for 

ate A?) at fixed volrp.gc, ?;nd 
'.?> ti ‘ o*her ^ X) 

. >■- . i lOtiDi' v* the td A ;interyp.! 
^ s the of th . : o olare 

*-i v ,etvveen the plates (Fig. 

„o 2 lower 

/t'* electron beer d-veru, to 
• i*' bear c*oec; ‘t reach 


1 1 -S3 


But consider an instant D (Fig. ll-35a) during the unblanking-pulse 
fall. Here the beam Isn't entirely diverted from the phosphor, but merely 
seems to originate at a new point (Fig. 11 -35c). Thus, the very last part 
of the display shifts from its normal position on the screen. We overcome 
this difficulty by including a second pair of plates JV and P (Fig. 11-35U) 
that are cross-connected to the first pair K and M. Thus any electrons 
reaching the screen seem to originate at their proper apparent source. 







Chapter 12 

POWER SUPPLIES 


Here let us study some kinds of power supplies that are used in ost dio- 
scopes and related instruments. A power supply of the type we shall consider 
converts the energy of an Input sine-wave ac power-line waveform into 
dc' energy at one or more voltages suitable for plate- and screen-supply 
voltages, etc*, in the other sections of the instrument. Such a power supply 
consists of three basic sections: (a) the transformer that steps the ac 
power-line voltage up or down to suitable values, (b) the rectifier that 
converts the transformer ac output voltage into a pulsating dc voltage 
(dc with a superimposed ac voltage), and (c) the filter and regulating system 
that removes the output-voltage variations so that the output voltage is 
a nearly pure dc voltage that doesn’t vary appreciably when we change 
the applied line voltage or the load current within rated ranges. 


12-1 Transformers * The transformer should meet the requirements 
of reliability, reasonable weight and size, small heat losses, good regulation 
(minimum output-voltage change with load-cur rent changes), and not unreason¬ 
ably strong external magnetic fields that might influence surrounding 
circuits* 


13-2 Rectifiers . A good rectifier allows current to pass readily in one 
direction, but only with great difficulty in the reverse direction. That is, 
the rectifier offers a smaller resistance to a forward current than to a 
reverse or 11 back" current* The ratio of these two resistances, called 
the front - to - bac k ratio , is a useful indication of the effectiveness of a 
rectifier* 

It is also important to know how much current we can pass through a 
rectifier without damaging the rectifier. For example, the average rectified 
forward —current rating gives us a relative indication of the amount of 
direct current that we can safely draw from the rectifier itself* But the 
current through the rectifier varies considerably from one instant to another 
during the applied sine-wave interval’ and we must not allow this instan¬ 
taneous current to exceed the rectifier peak recurrent forward-cur rent 
rating. Furthermore, when we turn on the power switch, the filter capacitors 
draw a large initial charging current through the rectifier. If we turn 
on the power switch in certain regions of the input-waveform cycle, excep¬ 
tionally large rectifier currents might flow while the filter capacitors receive 
their initial charge. Since this largeeurrent surgedoesn’t recur immediately, 
the rectifier 1-cycle surge-current rating is often larger than the peak 
recurrent forward-cur rent rating. 

Another important characteristic is the peak-inverse-voltage rating that 
tells us the maximum instantaneous voltage we can apply in the reverse 
direction to the rectifier without either internal f las hover or destructive 
internal reverse currents* A fourth major characteristic is the internal 


rectifier voltage drop that the rectifier causes when a forward current 
flows. The rectifier forward resistance doesn’t remain constant but depends 
somewhat upon the amount of current* But when the rectifier circuit supplies 
its rated dc output current, the dc voltage at the rectifier-output terminals 
is somewhat less than we would expect if the rectifier forward conduction 
were perfect. This difference between the ideal and the actual dc output 
voltage is the rectifier voltage drop. 

Power supplies in oscilloscopes and related instruments customarily use 
either semi conduc tor rectifiers (selenium rectifiers, silicon rectifiers, or 
germanium rectifiers, as examples) or vacuum-tube rectifiers . 

a* Selenium rectifiers . A selenium rectifier consists essentially of 
anfaluminum sheet or disk with an evaporation-deposited metallic selenium 
film* Such an assembly passes current more readily in one direction than 
in the other. The voltage drop across a selenium-rectifier element is 
not insignificant; thus the rectifier dissipates a corresponding amount 
of energy. Therefore the rectifier includes a large cooling area in the form 
of an extenffon of the disk or plate beyond the actual rectifier contact- 
junction area/ The peak-inverse-voltage rating of a selenium rectifier unit 
is not great so we customarily operate several selenium-rectifier units 
in series by assembling them on an insulated bolt* 

b. Silicon rectifiers . A silicon rectifier is a semiconductor device that 
allows current to pass more readily in one direction than in the other* 
The voltage drop across a silicon rectifier is less than the voltage drop 
across a selenium rectifier* Therefore the silicon rectifier dissipates 
less energy internally t so that instrument-cooling requirements are minimized* 
And silicon rectifiers don’t usually need added external heat-dissipating 
area. Consequently the silicon rectifier ^ is less bulky. and more readily 
accessible for servicing. Furthermore, the silicon rectifier has a relatively 
large peak-inverse-voltage rating, 1 so that we can use fewer rectifier 
units to rectify a given voltage* 

n 

When we turn the power switch on, the resulting heavy surge current 
can readily damage a silicon rectifier. To keep the surge current at a 
safe value, we often insert a small resistance of perhaps 5 or 10 ohms 
in series with the silicon rectifier* 

c. Germanium rectifiers . <The characteristics of a germanium -rectifier 
are somewhat like those of the silicon rectifier. The germanium-rectifier 
forward voltage drop is very smalLi Therefore we can use germanium 
re^uiei- *‘ 1 - -re we want only a very small Internal power-supply impedance. 

The Tpeak-in verse-voltage., rating and surge-current rating, of a germanium 
rectifier are not great. Therefore we prefer the silicon rectifier for most 
general-purpose power supplies* 

d. Vacuum-tube rectifiers * A vacuum-tube rectifier has the advantage 
that the back resistance is very large. Disadvantages include relatively 
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short life, large forward voltage drop, relatively large size, need for 
heater power, and heat-dissipating requirements. 



12-1 Half-wave rectifier i-Lrcuii. The transformer aLvoudary winding 
applies a tLnc-wsve ac volEdge to a series utrculi made iip 
the rectifier unit end the external load. The rectifier ajlcws 
elearou* 10 flow readily in a direction opposite u tbe arrow - 
point direction in the recitiier aymbol. fclectr&nB car fsow 
only with great difficulty in the direction of the arrow point. 


12- 3 Rectifier circuits , a. Half-wave rectifier . Figure 12-1 shows a 
half-wave rectifier circuit. During one-half the ac cycle, the upper trans- 
former-secondary terminal is positive while the lower terminal Is negative, 
as shown in interval a of Fig* 12-2a. During this half-cycle interval, then, 
the rectifier passes current in a forward direction to the load as shown in 
interval A of Fig, 12-2b.* During interval B t the transformer-secondary 
voltage (Fig, 12-2a) reverses its polarity* But the rectifier prevents a 
reverse current from flowing so that during interval B no current flows 
in the load (Fig* 12-2b). Thus load current flows only during alternate 
half-cycle intervals* In one sense, we can consider the load current of 
Fig* 12-2b as a direct current upon which is superimposed an unwanted 
distorted alternating-current waveform as shown in Fig. 12-2c. To reduce 
this superimposed ac waveform we include a filter as discussed later* 



The peak ac voltage induced in the transformer-secondary winding basically 
determines the peak voltage applied to the load. But the load current causes 
some voltage drop in the rectifier and in the transformer-secondary resist¬ 
ance, Therefore the peak voltage applied to the load is somewhat less than 
the secondary-winding peak induced voltage. 


* Commercially available semiconductor diodes, including those intended 
for power-supply rectifier purposes, are often marked with the rectifier 
symbol that Is used in Fig, 12-1* in this symbol, the arrow point Indicates 
a direction opposite to the forward (easiest) electron flow . Thus the arrow- 
point connection corresponds to the anode (plate) of a vacuum diode rectifier, 
while the horizontal bar in the rectifier symbol of Fig* 12-1 corresponds 
to the cathode of a vacuum-tube rectifier* (But a few textbooks show the 
electron flow in the direction of the arrow point--contrary to commercial 
practice.) , 


b. Full-wave rectifier . Figure 12-3a shows a full-wave rectifier* This 
circuit consists essentially of two half-wave rectifiers like that of Fig, 12-1* 

When the upper transformer-secondary terminal is positive with respect 

to the secondary-winding center tap (interval A in Fig* 12-4a) /the upper 

rectifier passes current to the load (Interval A In Fig. 12-4b). Meanwhile 

the lower secondary terminal is negative with respect to the secondary 

center tap, so that the lower rectifier does not conduct and the lower half ( 

of the secondary winding (along with the lower rectifier) is inactive, 



{a) Sine-wave an voltage. 1 
applied by the Eraniiformer 
ub.urtdary In Fig. 12-1 to 
the rhilfier aiij lOiui 1ft 
i erica, 

(ti) In Fig r 12-1 me result- 
Lrig toad current cone tutu 
of half-sine-wav? pul*** 
4H n ho urn In thin d ug rant. 

(c) The load-current 
waveform of Fig. 12-2b 
can be considered aa h 
steady dk~ current with a 
superimposed distorted 
current. 


V 

During the next half-cycle interval (interval B in Fig. 12-4a), the lower 
secondary terminal is positive with respect to the center tap, so that the 
lower rectifier passes current tp the load (interval B in Fig, 12-4b), Mean¬ 
while the upper secondary terminal is negative with respect to the center 
tap, so that the upper rectifier does not conduct and the upper half of the 
secondary winding (along with the upper rectifier) is inactive* Thus load 
current flows during each half-cycle Interval* The transformer-secondary 
center tap forms the negative output terminal, while the common connection 
between the rectifier units forms the positive output terminal* 

Figure 12-3b shows an alternative form of the full-wave rectifier circuit. 
Here we connect the rectifier units with their polarities reversed to those 
shown in Fig* 12-4a. Therefore, when the upper transformer-secondary 
terminal is positive with respect to the center tap and the lower secondary 
terminal is negative, the lower rectifier conducts load current while the 
upper rectifier does not. When the secondary voltage later reverses its 
polarity, the upper rectifier conducts load current while the lower rectifier 
does not. In Fig* 12-3b, then, the secondary center tap forms the positive 
output terminal whiie the rectifier common connection forms the negative 
output terminal. 


* 





\ 
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In either Fig* 12-3a or Fig. 12-3b, the peak ac induced voltage from either 
end of the secondary to the center tap basically determines the peak voltage 
applied to the load. Allowing the load-current voltage drops in the transformer 
and rectifier , then, we can expect the peak vo it age applied to the load to 
be somewhat less than one-ha If the peak voltage induced in the total secondary 
winding. 




fa) Full-wave refttfier 
circuit, When the upper 
transformer - necon-Ury 
EcrmnijJ is positive, tfic 
upper rectifier diode k'Oft- 
ductit lo-nd current. Wncn 
the lower setOFidary ter¬ 
minal titer becomes 
positive, the tower diode 
conducts toad current to 
both lJ aei t the current 
(Iowa through the IujJ in 
the same direction. 

(b) A variation of the full- 
wave rectifier circuit. 
When the upper transfor¬ 
mer-secondary terminal 1# 
negative, the upper rec¬ 
tifier diode conduct* loud 
current. When the lower 
secondary terminal laier 
becomes negative , the 
lower diode conducts load 
current. In both I'laei,, [he 
Current flown through the 
load in the tame direction. 


c, Bridge rectifier . Figure 12-5 shows a bridge rectifier circuit. When 
the upper transformer-secondary terminal is positive and the lower terminal 
is negative, rectifiers A and D allow load current to pass, while rectifiers 
B and C do not conduct. But when the upper secondary terminal later becomes 
negative and the lower terminal positive, rectifiers B and C allow load 
current to flow while rectifiers A and £ do not conduct. Thus the ioad- 
current waveform resembles that of Fig* 12-4c. 


In the circuit of Fig. 12-5 the peak voltage applied to the load is the 
peak voltage induced in the entire transformer-secondary winding, less 
the voltage drops in the transformer secondary and in the rectifiers* 


d. Voltage doubler * In the rectifier circuits Just described, the voltage 
applied to the load is very roughly somewhat less than the transformer^ 
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secondary peak ac voltage.* But there are several power-supply circuits 
that provide dc output voltages considerably greater than the transformer- 
secondary peak ac voltage. Let us consider two of these circuits. 


(cl) Sine-wave ac voltage 
applied by the transformer 
accandary in Fig. 12-3* 
io the reviillcr*. 

(b) The upper mUffer in 
Fig. 12-3* conduct! JurltLg 
Interval * in Fig. 12-4b, 
allowing a halfwave 
current waveform to flow 
tn the load. Ourlng interval 
if, the lower rectifier In 

Fig. !2-3aconduct*^allow¬ 
ing i not half-aLne-wave 
current waveform to flow In 
the load a* ahown In Fig. 
J 2 - 4 b. 

(c) The toad -carrefit 
waveform ol Fig, 12-4b can 
be considered *h * a toady 
dc current with a uuper- 
imposed distorted-ac cur¬ 
rent. 


In the voltage-doubler circuit of Fig, 12-6a, the dc output voltage is 
somewhat less than twice the secondary peak ac voltage* Let us follow a 
somewhat simplified form of the circuit action in Fig. !2-6a through the 
interval of one ac cycle. First assume that the upper secondary-winding 
terminal is negative while the lower terminal is positive (Fig, 12-6b). 
Thus rectifier a allows electrons to flow inCj so that Cj charges to approxi¬ 
mately the secondary peak voltage, In the polarity shown in Fig. 12-bb* 



0 


Fi K . 12-5 Bridyr-retlifter circuit. When the upper tran* former-*t*ondary 

circuit is positive, diodes A *tsd W conduct load current. When 
the lower transformer-BCcondary terminal la positive at a 
Later per lad, diodes fl and C conduct toad current. Thus the 
complete loswi-vurreni waveform correspond* ie> that of the 
lull-wave rectifier (.see Figs, 12* 4b and e). 

‘Except chat in the full-wave rectifier circuits of Fig. 12-3a and b, 
the load voltage is roughly somewhat less than one-half the peak ac voltage 
induced in the total secondary winding. 
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Later in the ac cycle t the secondary upper terminal becomes positive and 
the lower terminal becomes negative t as shown in Fig. 12-6c. Now the 
sum of the voltages across C; and across the transformer-secondary wind¬ 
ing is applied to C Rectifier B allows a charging current to flow in 
Co , Thus C 2 charges to a voltage nearly equal to twice the peak secondary 
voltage ( in the polarity shown in Fig. 12-bc. It is this large C* voltage 
that Is applied to the load. Fig. 12-6d shows the path over which dis¬ 
charges electrons through the load. During each input ac cycle, C 2 receives 
a new charge by the actions shown in Figs, 12-6b and c, replenishing the 
charge lost in the form of load current in Fig. 12-6d, 


FROM AC 
SOUfcCL 



■ a A farm of voltage- 
daublcr circuit chat de 
liver* & voltage mac 
is worn™hit ifiiH than 
the peak transformer- 
second&ry ac voltage 

i.b) Simplified action of the 
circuit of Fig, 12-6a during 
a half-cycle Interval writ'll 
the upper secondary ter¬ 
minal i& negative. Rectif¬ 
ier A allows Cj to charge 
to approximately the peak 
secondary voltage, In me 
polarity mown. 

(cl During the mat n-n.Lt - 
cycle Litttrviii p the upper 
secondary terminal s* 
positive. No* rhet rami for¬ 
mer secondary act* in 
senes with Cj to charge 
C t io approximately twice 
rhe peak secondary voltage. 
In the polarity sftown. 

fd) dlftchirfeft into the 
load, applying to the load 
a voltage approximately 
twice the peak transfor¬ 
mer -secondary voltage. 
During each cycle, rhe 
charge th Cj it* renewed by 
the actlonw shown in dia¬ 
gram* h and c. 


*In Fig, 12-6c t we can consider that Ci and the transformer secondary 
operate in the manner of two batteries connected in series-aiding ( with 
the negative terminal of the first battery connected to the positive terminal 
of the second battery. Thus the total voltage between the two remaining 
battery terminals is the sum of the two battery voltages. Then a capacitor 
connected between these two remaining terminals would charge to this total 
battery voltage--in the same polarity as the battery. 
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e. Voltage tripler . We can extend the principle of Fig. 12-6 to make a 
voltage-tripler circuit, as shown in Fig. 12-7a. Let us follow some of 
the essential features of the action in Fig. 12-7a through one sequence 
of operations. 



(fll A form of voltage- 
trlpier circuit that deliver* 
a dc voltage that la some- 
what lefl£ than Hi rye tiling 
che peak transformer- 
serondary voltage. 

(h) Simplified action of the 
circuit of Fig. 12-7a during 
a half-cycle Interval when 
the upper oecondary ter- 
mitral is negative. Ah In 
the volt age-doubler circuit 
of Fig. 12-6, fj charges 
to approximately the peak 
secondary voltage. 

(c) During the next half- 
cycle Interval, the upper 
secondary terminal Is 
positive. No# rhe secon¬ 
dary well* In aerie* with fj 
to charge r t to approxi¬ 
mately twice the peak 
secondary voltage--Just as 
in the action of E-lg. 
for the vtjl rage-doubler 
circuit. 

id’i During a still later 
ha If-cycle Internal, the 
upper traunformer-sefon-' 
dary terminal again be- 
4 ,names negative. The sec¬ 
ondary voltage 1* now 
opposed by the voltage m 

Cj i bur *V acts atom; ta 

charge f 5 id approximately 
twice l lit- peak secondary 
voltage in the polarity 
shown, 

l cl F, and t-j in series 
discharge Into the load, 
applying to the load a vol¬ 
tage approximately three 
times the peak secondary 
vo I cage. Du ring suve eedJ ng 
cycles, the charges in the 
capacitors are renewed hy 
the ac flora* shown In dia¬ 
grams b, c, and d. 


t 


f 


i 
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As shown in Figs. 12-7b and 12-7c, the circuit actions during the first 
ac cycle resemble the volt age-doubler actions shown in Figs. 12-6b and 
c. Consequently, after the first ac cycle, capacitor C 2 in Fig. 12-7 c is 
charged to approximately twice the peak secondary voltage. 


Figure 12-7d shows the action during the next ac half-cycle. Here, 
three voltages act in series on Cj, These voltages are (1) the voltage 
across Cj --equal to the peak secondary voltage, (2) the voltage across 
e* - -equal to twice the peak secondary voltage, and (3) the secondary¬ 
winding voltage itself. Here, however, the secondary-winding negative 
terminal is connected to the negative terminal of Cj, That is, C? and 
the secondary winding now operate in series opposition--each canceling 
the effect of the other. Thus, alone charges C$ to a voltage equal to 
twice the secondary peak voltage. 

As shown in Fig, 12-7 e, the voltage applied to the load is the voltage 
across Cj in series with the voltage across Cj, Thus the total load vol¬ 
tage is approximately three times the peak secondary voltage. Figure 
12-7e shows the path over which C s and Cj discharge electrons through 
the load. Successive input ac cycles deliver new charges to C$ and C 1 
by the actions shown in Figs, 12-7b, c, and d, replenishing the charges 
lost in the form of Load current in Fig. 12-7e, 



Fig. U-B 

(a) 


(a) Fiber capacitor for 
reducing I he ri ppJe idia- 
Mfmi iO component In 
ihe rectifier-output wave¬ 
form applied id die load. 
The fiber'capacitor ac cion 
L« dencii&rti with live aid 
of Figs. U-<* h and 

12-10, 



< 1)1 To describe tht fUi-er- 
capocUor action, we iir*E 
»utmir crilii rtif land is 
JL* connected. Rwuiitihi 
waveforms art shown in 
Fig&. !2-&a, b, And c. 



12-4 Capacitive filter . Suppose, as an example, that we use a power 
supply to provide plate current for several tubes in an amplifier. As far 
as the power supply is concerned, we can consider that the cathode-ro- 
plate circuits of the various tubes combine to form an external resistive 
load that draws current from the power supply. 

Consider, for example, that the power supply is a iransformer-and- 
rectifier circuit like that of Fig, 12-3, or one like that of Fig. 12-5. Then 
the load current follows the waveform of Fig. 12-4b (or, what is the same 
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thing, the load current follows the combined desired dc and unwanted dis¬ 
torted-ac forms of Fig. 12-4c). 

To reduce the distorted-ac component in the current of Fig. ( 12-4b, we 
can connect a large filter capacitance (several microfarads for example) 
across the rectifier output as shown in Fig. 12-8a. To analyze the filter- 
capacitor action, suppose first that we remove the external load as shown 
in Fig. 12-8b. And suppose also that we apply to the filter capacitor alone 
a single half-cycle of the rectifier output voltage as shown in Fig.. 12-9a. 
ThtT~risIng rectifier-output voltage causes an inrush of current to the filter 
capacitor (Fig. 12-9b). At instant B the capacitor voltage reaches the peak 





Fig. 12-9 (A) First assume that the 

rectifier applies id ih« 
filter capacitor vi Fig. 
L2-8b a Mingle balf-cyrle 
of vobage as shdwi) here. 


c4> 


Charging current in the 
fiber capacitor of Fig. 
U-Sb when we apply the 
voltage waveform of Fig, 
l2-9a. 


t c ) 




(c) Ae a retiult of the 
charging eurreni of Fig. 
12-9h, the voltage acrt&a 
the capacitor of Fig. 12-Bb 
rLeefl as shown here. Since 
the load fi diBconneeted t 
the capacitor docs not dis¬ 
charge and Its voltage 
remains constant after the 
initial charge. 

{d) II we connect the load 
i□ the rectifier-Utter com- 
blnuilon, ns sin-iwn in Hg. 
i 2. Iria t the capacitor vol¬ 
tage no longer remains 
const am a litre the capaci¬ 
tor discharges Into the 
toad. Thus The power - 
supply output vokage + in 
response to a single half- 
cycle tnpui voltage, follow* 
waveform d. 


*For simplicity assume no circuit impedance other than that of the filter 
capacitance. That is, let us neglect any forward-current opposition on the 
part of the rectifier or the transformer. 
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transformer -secondary voltage. The rectifier prevents reverse current 
from leaving the capacitor; therefore, since the capacitor cannot discharge, 
the capacitor voltage ideally remains at the peak transformer-secondary 
voltage as shown in Fig. !2-9c. 


Next suppose we repeat this operation with an external load connected 
to the power supply as shown in Fig. 12-8a. Here, the operation is much 
the same as that described in the preceding paragraph--except that after 
the filter-capacitor voltage reaches the peak transformer-secondary voltage, 
the capacitor gradually discharges into the load. Therefore the power-supply 
output voltage falls off according to an KC-discharge curve as shown in 
Fig. 12-9d. 



H| r 12-10 (d) Actual wc rlta ot *ul- 

tagt half-cycle* appHt-U by 
i full-wave rucMfin ut 4 
Ukcf-capac’iiur - and kuJ 
L-ombJnat Ion (Fig. 1 - - . 

(b} Capaciwr cur rent In 
F3g. 12-3a In readme to 
the applied-vylcage »ave- 
rarm of Fig. In 

Interval cne iJUtul 

ohargiog current is rnu^h 
Like that of Interval AH 
of Fig 12-%. In Interval 
Hr , reverseL-apiiiltorLur- 

rcni ftfliffM an the cap.i. Ltor 
discharges into the L^od. 
In Inicrval CIJ a ne* charge 
is addcsl la the CAp ^Hof 
whin Che rrctillsr-siiipur 
vGlTiige rises ai»ve me 
r ep^L. icor YOltkg*, The 
charge added \n Interval 
Cfi replenishes the charge 
supplied to the load during 
interval SC. 

(c) Power-supply tjuiptst 
voltage delivered to the 
load during succeeding 
half-cycle Intervals. tn 
Interval oT Fig 12-10c, 
I he power- supply v-iapui 
voltage drops slightly as 
the filter capacitor di&- 
chsrgeiT (imerval m" In 
Fig. 12-lUb), Then i inter¬ 
val €0 in Fig. Ii-I0c} 
the reellher-ompui voltage 
surpasses the capacitor 
voltage- - bringing the ftsii- 
pyt voltage up to a peak at 
Ena uni C as wellm charg¬ 
ing the fitter L-upu. itor 
(interval Ct) In Hg. 
H-lOb), Note that the 
C^-J over-all output - voltage 

variations are mu h 
smaller than those widicmt 
the filter capacitor. 


Now, instead of a single half-cycle of voltage, suppose we apply to rtie 
circuit' of Fig, 12-fia the repetitive voltage half-cycles that the rectifier 
normally delivers (Fig. 12-lGa), At instant B , the capacitor voltage reaches 
the peak secondary voltage. Then the capacitor discharges a part of its 
charge into the load as shown In interval KT, Fig. 12-10b. In this interval 
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BC the capacitor voltage correspondingly drops somewhat as shown in 
Fig. 12-10c. When the rectifier-output voltage rises on its second half- 
cycle to the capacitor voltage (instant C, f ig. 12-10c) p charging Lurrent 
again flows into the capacitor (interval CJJ f Fig. 12-10b). This operation 
now repeats itself periodically, so that the power-supply output voltage 
follows the solid-line waveform of Fig. 12-10c. Here the distorted-ac 
output component (ripple voltage) includes only relatively small variations 
rather than the extreme variations shown in Fig. 12-4b, (The amplitude 
of the initial capacitor-charging-current pulse in interval AB of Fig. 12-10h 
can he much greater than that of succeeding capacitor-current pulses. 
Thus both the rectifier and the capacitor must be able to handle this unusually 
large current pulse that occurs when we first apply power--see the second 
paragraph of Sec, 12*2; also Sec. 12-2h,) 

To reduce the output-voltage ripple component even further, we might 
simply use a filter capacitor that has a greater capacitance. But die use 
of a single very large filter capacitance m akes the rectifier-current peaks 
very large. "This statement applies both to the initial 1-cycle current peak 
and to the suoa^ding repetitive current peaks (Fig. 12-10b). These large 
current peaks might overtax the rectifier. Also, as we shall describe later, 
we can get better ripple reduction for a given total Niter capacitance if 
we use two separate filter capacitors, separated by a filter choke or by 
a regulating circuit. 

FILTER 

RESISTOR 



- ,- *-U H* f filter. The tint coiissant of the iff’ ctrcuil Involving the 
Iter resistor H and the filter capacitor r tfmlta the rapidity 
of any voltage vartauon* at the output terminals. Put voltage 
drops across N caused by dc load current seriously limit 
the usefulness of this clrciUi, 

One way we can improve the filtering action is to include a series filter 
resistor as shown in Fig, 12-1*1, Here the time constant of the RC circuit 
involving the filter resistor R and the filter capacitor C retards any voltage 
change across C. However, the dc load current causes a dc voltage drop 
across R that might be prohibitive. Furthermore, if the load current fluctuates 
markedly, the output voltage might fluctuate beyond acceptable limits. 
Thus, In’ oscilloscopes and related instruments, we can use RC power- 
supply filters for only a few applications. 

12-5 Inductive filter. Another ripple-reduction method we can use is to 
connect an inductor (filter choke) in series with the rectifier output circuit, 
as shown in Fig. 12-12. To analyze the filter-choke action, suppose first 
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that we apply to the circuit of Fig. 12-12 a single half-cycle of the rectifier- 
output voltage as shown in Fig. 12-13a. As a result, the load current rises 
(interval AB In Fig. 12-13b). But the Inductor develops a back emf that 
opposes the current rise. Therefore the load current rises more slowly 
than does the applied voltage. After instant B, the applied voltage falls 
(Fig. 12-13a). Now the inductor back emf opposes the current fall, so that 


FROM _ 

RtCTlFIfeR 


LOAD 



Fig. 12-L2 Motive filter. The filter choie L i«i a* described in 
Figs, n -13 and 12-H to reduce the ripple component in the 
pcwer-euppl) 1 Output volt Age and current. 

this inductor voltage actually aids the rectifier output voltage. The resulting 
current waveform Is shown In interval BC of Fig, 12- 13b. After instant 
the rectifier no longer delivers any output voltage; therefore the load 
current falls off according to an HI current decay curve as shown in Fig. 
12- 13b. 



Fig. 12-1J. (h) FJfit asaum* that the 
rectifier appMoa xo the 
filter choke and load ot 
Fig. 12-12 a ■ ingle half- 
cycle o i vohage u ■tow- 
here. 

L^ad current tn Fig. 
12-12 In resptmae co the 
r ectifi er - output voitig e 
waveform of Fig. 12-13*. 
The filler choke L pre¬ 
vent* the loud cur rent from 
rising ufutdii the recti ■ 
fler-Output vok»ge (inter¬ 
val AB 1 . Thai the load cur¬ 
rent reaches its peak at a 
later instant than the recti¬ 
fier-output voltage peak. 
When the rBctifiSr-output 
voltage falls otf (interval 
BC t Fig. 12-134) t the ftL 
time coiutaat of the filter 
chok* and load allows the 
],j ad current to drop oft 
only slowly a* shown in 
diagram h. 


Now, instead of a single half-cycle of voltage, suppose we apply to the 
circuit’ of Fig. 12-12 the repetitive voltage half-cycles that the rectifier 
normally delivers, as shown in Fig. 12-14a. The initial load current (interval 
AB in Fig. 12-14b) rises in the manner we have Just learned, [fere, how¬ 
ever, when the current begins to fall (after Instant B ), the rectifier output 
voltage rises and thus keeps the current at a relatively high value, in this 


If 

r 

r 

r 

[ 

i 

i 

! 

I 

1 

i 

1 

1 


f 


I 

( 

f 


i 


( 


way we keep the load current nearly constant, as ahown in Fig. 12-14b. 
Thus the power-supply output current (and voltage across the resistive 
load) has a steady dc value with a relatively small superimposed ripple 
voltage. 

The filter inductor prevents the instantaneous load current from ever 
reaching the peak value that the current would reach without the Inductor, 
Correspondingly, the power-supply output voltage never reaches the peak 
rectifier-output voltage. 

To reduce the output ripple component drill further B we might simply 
use a filter choke that has a greater inductance. But the use of a very 
lar ge filter inductance alone reduces the dc output voltage markedly . 

Fig 12-14 (a) Actual aeries of vol¬ 

tage hall -cy tries applied by. 
a full-wave rectifier to a 
filter - L'boke - ami load 
combi Ration (Fig. 12-121, 

(b) Load current in Fig. 
12-12 in response io thy 
applied-voltage wavelorm 
of Fig. 12-14a. During the 
ft rat ha If-cycle of input 
voltage, the load current 
rlnea ha ahcwH In Fig, 
12 -rib (interval AW inf'ift. 

L 2-14b), Then The load cur¬ 
rent begins to fall as shown 
in Fig- 12'lib. Here, how 
ever, the atcood half-cycle 
Of the recti Her-output vol¬ 
tage Flats and helps keep 
the current at a relatively 
high value. This action 
repeat a Lie elf during suc¬ 
ceeding half-cycle Inter¬ 
vale. Note that the over¬ 
all load-current va rial Iona 
are fnuch smaller than 
those withoui the filter 
choke. 

12- 6 LC filter . In Sec, 12-4, we learned that a filter that consists of a 
single capacitor places a large peak^current load on the rectifier ( thus 
limiting the dc load current that we can safely draw. On the ocher hand t 
we learned in Sec, 12-5 that a filter that consists of an inductor alone 
limits the dc output voltage that the power supply delivers. We get a better 
compromise between output yoltage and available current if we use a iilter 
that includes both inductance and capacitance. One form of such a filter 
is shown In Fig, 12- 15a. 

In a voltage doubler like that of Fig, 12-6 t the capacitor Cg (necessary 
to the voltage-doubling action) also serves as the filter-input capacitor 
(C| in Fig, 12- 15a). In a voltage tripler like that of Fig. 12-7 # the capacitors 
l'l and Cj in series (necessary to the voltage-tripling action) serve as 
the filter-In put capacitor (C t In Fig, 12-15a). 

Filters for full-wave rectifiers (Sec, 12-3b) and bridge rect’fier^ ''Sec, 
12-3c) often include an input filter choke (Lj in Fig. 12-1ST). Such an 






arrangement somewhat reduces the output voltage, but holds the voltage 
steadier with load variations and at the same time reduces the rectifier 
peak-current burden* Here Lj la usually of lower inductance than 



Pig. 12-15 Twu prfinticfll forme of Lf power -supply (Liters. Su^h filter 
Lifi/uaitj allow i liener compromise between output and 

rectifier-peak -current burden than either tiie Ulcer capacitor 
or the filter choice alone. 


12-7 Low-voltage power supply , a. General arrangement * Figure 12-16 
shows a typical complete low-voltage power supply for an oscilloscope. 
As we shall see, this power supply actually involves several interrelated 
power supplies that operate together as a system. This system delivers 
regulated and filtered dc voltages of -ISO volts, + 100 volts ( + 225 volts, 
+ 350 volts, and +500 volts, as well aa an unregulated dc voltage having a 
nominal value of +325 volts. The power supplies in this system operate 
from a common power transformer T6QT 

Without attempting to follow all the details here, let us note briefly 
an arrangement that we shall take up more thoroughly later* In Fig. 12-16, 
contact assemblies K6Q1-1, K6G1-2, K60I-3, and K6G1-4 are parts of 
the magnetic relay K60I* When the oscilloscope is warmed up and operating, 
relay K6Q1 Is operated* Then the movable contacts In assemblies K601-1, 
K601-2, K601-3, and K6Q1-4 are in their downward (closed) positions. 
This arrangement connects the dc output voltage from the +100-volt-supply 
rectifier V672 i n series with the dc output voltage from rectifier V7Q2 
to provide the +325-volt unregulated output* We also apply this unregulated 
+ 325-volt output to the +■ 225 volt-supply regulating system to obtain he 
+ 225-volt output * Furthermore t we connect the output of rectifier assembly 
V732 In series with the + 325-volt unregulated output to derive the input dc 
voltage for the + 350-volt-supply regulating system. And we connect the 
output of rectifier assembly V762 in series* with the + 350-volt output to 
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derive the input dc voltage for the 500-volt-supply regulating system. 
Without going into details yet, we see that if K6Q1 is unoperated . then 
these series interconnections are opened so that no voltages are delivered 
by the + 225-volt, + 350-volt, and +500-voir supplies. 

The heater windings of T601 supply rated voltages lor the heaters of 
most of the tubes Ln the oscilloscope. Exceptions are certain tubes whose 
heaters, connected in series, receive direct current from the + 100-volt 
supply,* 

h. Initial operation* When we turn on the power switch in the system 
of Fig. 12-16, we first want to allow time for the heaters of the tubes in 
the oscilloscope to reach operating temperature before we energize the 
dc supplies to apply most of the plate and screen voltages- (However, 
In turning on the power switch, we do have to energize the + 100-volt dc 
supply to operate the heaters of those tubes mentioned in Sec, 12-7a whose 
heaters operate from the + 100-volt supply.) It is to allow this initial heater- 
warmup time that we include the thermal time-delay relay K600 and its 
associated magnetic relay K601. 

The power switch applies ac power-line voltage to the primary of trans¬ 
former T601. Therefore the hearer windings of T601 apply power to the 
heaters of those tubes in the oscilloscope that operate with ac heater voltage. 
Transformer terminals 12 and 18 act in series-aiding to apply 12.6 volts 
ac to the circuit of the thermal time-delay relay K600*** This time-delay 
relay requires an interval of perhaps 30 seconds to close. During this 
heater-warmup interval, contacts 4 and 9 of K6G0 remain open so that the 
magnetic relay K601 remains unoperated, While K601 is unoperated, the 
K601 contacts mentioned in Sec. 12-7a remain unoperated in their upper 
positions in Fig. 12-16, Therefore the dc supplies (other than the + 1QQ-volt 
supply) deliver no output voltage. But during the warmup period, contact 
assembly K601-3 applies the output of the bridge rectifier V672 (Sec. 12-3c) 
through R675 and R678 to those heaters operating in series from the+ 100- 
volt supply. Note that this contact assembly now bypasses the +100-volt- 
supply voltage-regulating system involving V664 and V677A, to be described 
later. 

After the heater-warmup interval, the time-delay relay K60O closes 
its contacts 4 and 9. Thus the magnetic relay K6G1 operates. Consequently, 
contact assembly K601-I removes the ac voltage from K60Q, but before 
K6O0 can open, this contact assembly K601-1 locks the holding circuit to 
the coil of K60L Then K601 remains operated until we turn off the power. 
Simultaneously, relay K6Q1 operates its contact assemblies K601-2, K601-3, 
and K601-4. When contact assembly K6Q1-3 operates, R675 Is taken out 

* These latter tubes include the vertical -preamplifier tubes and, in many 
oscilloscopes with the delaying-sweep feature, certain tubes associated 
with the delaying-sweep function. 

**K60Q is rated for an applied voltage of 6 volts. To maximize operation 
reliability, K6QG operates here from 12.6 volts through R600, so that the 
applied voltage is at least 6 volts even if the line voltage is somewhat low. 
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of the circuit so that the vertical -preamplifier heater current (and heater 
current for any other tubes supplied by the +100-volt dc supply) must 
flow through the + 100-volt-supply regulating circuit (to be described shortly). 


c -150-volt power supply. When contact assembly K601-2 operates, 
this' operating applies ac energy from the transformer to the rectifier 
assembly V642. This rectifier assembly is a full-wave bridge system 
(Sec. 12-3c). The voltage-regulating system operates in the manner described 
in Sec 7-3. (You will probably want to review Sec. 7-3 at this point.) 
ln Fig." 12-17. the regulating circuit for the -150-volt power supply includes 
uatiq \TfiyiA vh'iA vhTJ V637 and V647, 


In addition to the desired dc output voltage, the rectifier output includes 
an undesirable ripple component. The filter capacitors C640 and C649 
greatly reduce this output ripple. Any remaining ripple voltage appears 
across the voltage divider that is made up of R615, R616, and R617. There¬ 
fore a fraction of this ripple voltage appears at the grid (pin 7) of V624. 
Then V624 and V634 amplify this ripple voltage. This amplified ripple 
voltage appears at the grids of the paralleled series-regulator tubes V627, 
V628 and VfW$. But this amplified ripple voltage arrives at the regulator- 
tube ’grids in a polarity opposite to that which would oppose the output 
ripple voltage--as you can check. Therefore we include C617 to bypass 
any original output ripple signal around the circuit between the grid (pin 7) 
and the cathode of V624. 


In other respects the regulator system In the -150-volt supply functions 
to reduce output ripple voltage. Any ripple between the -150-volt output 
point and ground reaches the grid-to-cathode circuit (pins 2 and 3)of V624 
by way of'C610. This input ripple voltage is amplified by V624 acting as 
a cathode-coupled amplifier (Sec. 7-1). Therefore the ripple output voltage 
ac the plate (pin 6) of V624 has the same polarity as the ripple voltage at 
the -150-volt output. C628 couples this ripple output voltage to the grid of 
V634. This output ripple voltage, further amplified by V634, arrives at the 
series-regulator-tube grids in a polarity such as to oppose the original 
output ripple--as you can check, 

screen -co-cathode supply voltage for V634 comes from 
the unregulated output of the rectifier assembly V642. But the screen 
voltage of V634 influences the plate current of V634. Therefore V634 
provides a certain amplifying action for the screen ripple voltage, with 
the screen of V634 acting somewhat as a control grid for this amplifying 
action. Thus the amplified rectifier-oifiput ripple reaches the regulator - 
tube grids in a polarity such as to reduce the total output ripple. Similar 
ripple-reduction arrangements are included in the regulating-amplifier 
screen circuits for the other low-voltage supplies in Fig. 12-16. 

R610 suppresses any tendency of the voltage-reference tube V6Q9 to 
oscillate as a gas-tube oscillator. 

The small resistances R640 and R641 suppress unusually large current 
peaks that might flow in the rectifiers V642 under heavy-load power- 
switching conditions. In addition, if a short circuit or other overload occurs. 
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u is likely that these small resistances R64Q and R641 will burnout before 
any other component fails; thus R64Gand R64l serve somewhat as inexpensive 
fuses. Furthermore t R640 and R641 have a maintenance use. If you measure 
and record the voltage drop across these resistors in a normally operating 
oscilloscope, you can use this information larer to tell you whether or not 
the power-supply load remains normal (assuming that you are using the 
same plug-in preamplifier type and that you operate the time-base system 
in a specified manner), Small series resistors are included at similar points 
in the other low-voltage supplies, 

d. + luO-vuk supply . The + 100-volt supply includes the full- wave bridge- 
rectifier assembly V672 and the regulating-system tubes V664 and V677A, 
The rectified-dc output voltage from rectifier assembly V672 exceeds 
the IGO-volt output voltage that we want from the 4-100-volt supply. To 
reduce this rectifier-output voltage to the desired value of 100 volts , we 
pass the load current through the pi are-to-cathode circuit of the series- 
regulator tube Vb77A. If we change the grid voltage of V677A (In a manner 
described In the next paragraph) s we change the plate-to-cathode voltage 
drop across V677A for a given load current. Thus, by controlling the 
grid voltage of the series-regulator tube V677A, we can control the + 100- 
volt- supply output voltage, (R676 shunts the plate-to-cathode circuit of 
V677A so that V677A doesn’t have to pass the entire load current,) 


The + 100-volt supply uses the regulated -150-volt-supply output voltage 
as a reference voltage. Thus, If both the -150-volt supply and the +100- 
volt supply are operating properly, there should be a constant 250-volt 
difference between the output voltages from these two supplies. If this dif¬ 
ference voltage changes, some fraction of this voltage change appears at 
the grid of the amplifier tube Vt>64. (The fraction of the voltage change 
actually reaching the grid of V664 depends upon the voltage-division ratio 
involving values of R650 and R651.) This voltage change at the grid of 
V664 appears amplified and inverted at the plate of V664, and arrives 
at the grid of the series-regulator tube V677A. Depending upon the polarity 
of this voltage change at the grid of V677A t current passes either more 
readily or less readily in the plate-to-cathode circuit of V677A* Thus, 
this amplified voltage change, arriving in the appropriate polarity at the 
grid of the series-regulator tube V677A, controls the plate-to-cathode 
voltage drop across V677A, In this way we keep the output voltage at its 
rated value. 

The precision resistors R650 and R651 have values such that the +100- 
volt^supply output voltage is maintained at +100 volts rather than at some 
neighboring value. 

C650 couples any output ripple voltage to the grid of amplifier V664, 
The resulting output ripple voltage at the plate of V664 reaches the grid 
of the series-regulator tube V677A in a polarity such as to oppose the 
original ripple voltage. 

e. + 325-volt unregulated sup ply. The +325-volt unregulated supply 
uses the windings between terminals 5 agd 7 and between terminals 10 
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and 14 of transformer T601. These two windings, connected in series. 
serve as a center-tapped winding. We apply the ac output voUage from 
this center-tapped winding to rectifier assembly V702 (We shall consider 
rectifier assembly V732 later.) Rectifier assembly V702 operates as 
full-wave rectifier (Sec. 12-3b). Here we connect the rectifiers In V702 
in a manner corresponding to Fig. 12-3b, so that the rectlfied-dc voltage 
at the Winding center tap (point M) is positive, while the rectifier common 
point (point K) is negative. We connect the resulting rectlfied-dc vo tage 
(between points K and M) in series with the unregulated rectlfied-dc voltage 
developed at the output of rectifier V672 in the +100-volt supply. We use 
the resulting total unregulated dc voltage (marked +325 V UNREG.) as 
the plate voltage for the oscillator tube in the high-voltage supply (Sec. 12-8). 
The value of this +325 V UNREG. output voltage is only nominally 32o 
volts The actual voltage might normally differ appreciably from+320 
volts But these normal variations present no problem in the high-voltage 
supply that receives its power input from the+325-volt unregulated source; 
for the high-voltage supply has its own regulating system that compensates 
for these and any other normal operating variations. 

f + 225 -volf supply. To provide a regulated + 225-volt source, we apply 
the - +325 V UN REG/output to the regulating system that includes V684, 
V694 and V677B. In this regulating system, too, we use the-150-volt- 
supply voltage as a reference voltage. Here, there should^be a constant 
+ 375-volt difference between the output voltages from the -150-volt supply 
and the +225-volt supply. If this difference voltage varies, the voltage 
divider composed of R680 and R681 applies a fraction of this voltage change 
to the grid (pin 7) of the cathode-coupled amplifier V684. This voltage 
change amplified by V684 and V694, reaches the grid of the series-regulator 
rube V677B in such a polarity as to oppose the original difference- voltage 
c , t- n -ecmion resistors R680 and R681 have values such that the+ 225- 

volt-suppi) .oltage is maintained at +225-volts, rather than at some 

neighboring value. ^ 

C68Q couples any output ripple voltage to the grid of amplifier V684. 
C688 couples the resulting V684-output ripple voltage to the grid of amplifier 
V694 V694 applies the ripple voltage, in a further-amplified form, to 

the grid of regulator tube V677B in a polarity such as to oppose the original 
ripple voltage, 

e +350-volt supply. In Sec. 12-7e we learned that point M in Fig. 12-16 
op erates at an unreg ulated voltage of about +325 volts. Now consider 
rectifier assembly V732. This rectifier'assembly operates as a full-wave 
rectifier with the rectifying units connected as shown in Fig, 12 3a Jherc- 
fore Che common point of rectifier V732 (point N) is positive with respect 
to the winding center tap (point M). Thus the voltage at point N is appreciably 
higher than +325 volts. We apply this positive voltage to rbe regulator system 
involving V724 and V737, to provide a regulated + 3n0-vc.lt supply. This 
regulating circuit operates in a manner essentially identical to that described 
for the + 225-volt supply. 

h. +500-volt supply. The +500-volt supply uses the bridge-rectifier 
assembly V762. W/"connect the rectified-dc output voltage from rectifier 
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assembly V762 in series with the regulated dc output from the * 350-volt 
supply. The resulting total voltage exceeds >500-volts. We apply this 
positive total voltage to the regulator system involving V754 andV767 t 
to provide a regulated +500-volt supply. This regulating circuit operates 
in a manner essentially Identical to that described for the * 225-volt supply, 

1, Therma l cut out and fuse . The thermal cutout (TK601 In Fig. 12-16) 
Is a protective device that opens the transformer-primary circuit if the 
temperature Inside the oscilloscope rises above a safe value. When the 
oscilloscope interior returns to a safe temperature, TK6G1 closes so that 
we can again operate the instrument. An abnormally high interior temperature 
might result from one of these causes: 

1, The air filter has not been cleaned. See your instruction manual, 

2, The oscilloscope is located where air cannot circulate freely Into 
and out of the oscilloscope, 

3, Or t in some cases, the temperature of the surrounding air or of 
nearby objects might be abnormally high. 

In the circuit of Fig. 12-16, the ventilating fan continues to operate even 
after TJC6GI removes power from the rest of the oscilloscope. (But in 
some oscilloscopes the thermal cutout cuts off the fan power as well,) 



Flft. 12-17 An auioE rans former arrangement That you can nsr if the power- 
line v-olta^c 1 0 cooililemly a r of 1 en lower than the rued minimum 
line voltage for your ewcUloscope. Voltaren *hown are example? 
only. 


If the ruse F601 blows, the entire instrument shuts off. Replace the fuse 
with another of the same rating. There are two fuse characteristics that 
you must keep in mind for a correct fuse replacement: (a) the current 
rating in amperes, and (b) whether the fuse is a fast-blow or a slow-blow 
variety. Most oscilloscopes and related instruments carry a fuse-data 
label near the fuse holder, (Your Field Engineer can help you with other 
fuse information.) If the replacement fuse blows, check the oscilloscope 
for internal short circuits or overloads before again replacing the fuse. 


i Power-supply operational characteristics , in the power supply of 
Fie. 12-16 the regulating system {in conjunction with filter capacitors) 
achieves a’high degree of ripple reduction. Thus filter chokes are neither 
needed nor included; as a result, savings occur in weight, size, and cos . 

The series connections among the rectifier dc output voltages (stacked 
power supplies) allow efficient, light-weight, and reliable design of tram.- % 

formers and rectifiers. Pointers for troubleshooting stacked power supplies 
like that of Pig. 12-16 include these: 

IMPORTANT 

j Unless you are certain that it is necessary, don't tamper with 
the -150 V ADJ, control or change the output voltage of any power 
supply (as by changing the precision voltage-divider resistors). Any 
c s-h change generally requires a complete re-calibration of the- oscillo- 

V rt Ur instruction manual or recalibration procedure. j 

2, In chcJtflng power supplies, use an accurate voltmeter. In 
genera! the -150-volt output in Fig. 12-16 Is adjusted to Us raced 
voltage within a small fraction of one percent. The Other power-supply 
output voltages are typically checked within one or two percent. 1 hese 4 

required accuracies are appreciably better than those you can usually 
expect from a bench voltmeter. 

3 If the output voltage from one of the low-voltage supplies is out of 
tolerance, a good starting procedure in troubleshooting is as follows: ' j 

(a ) Check the output voltages from the other power supplies as^welL 
It U true that a lower-than-normal output voltage from the +100-volt 
supply for example, might be associated with a fault >)r an overload connected 
with that supply. On the other hand, the -150-volt-supply output serves as , 

a reference voltage for all the other supplies; therefore we can t expect 
any other supply to deliver its’ correct output voltage if the -150-volt- 
supply output voltage isn't correct. Also, the rectified-de voltage from 
the + 100-volt supply provides part of the rectified-dc voltage used in the 
other positive-voltage supplies; therefore if the + 100-volt rectifier fails, 
for example we can hardly expect the other positive supply voltages 
to be correct’. Interdependencies of this kind exist among the other positive- I 

voltage supplies. Furthermore, 'tubes V62+and V634 in the -150-volt supply 
depend for their plate voltages upon the + 100-volt supply; therefore the -15 
volt supply might not operate properly if the + 100 -volt supply delivers a 
voltage greatly different from 100 volts. Similar Interdependencies exist ( 

among the other low-voltage supplies. 

(b.) Suppose we establish that one of the low-voltage supplies delivers 
an incorrect voltage because of a fault in that supply itself. rather than 
in the load that it feeds or in some other low-voltage supply. To Tnd out 
whether the regulating system is operating or not, we can change t e app ie 
ac primary line voltage within the specified range (often 105 to 125 volts) $ 
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as by means of a Variac, Powerstat, etc. The power-supply dc output 
voltage should remain constant. If this dc output voltage varies, the fault 
might Lie in a tube or component in the regulating system. Or the trouble 
might be that the rectifier, or possibly the transformer, has a fault that 
places the dc regulator-input voltage outside the range that the regulator 
can correct* But if, on the other hand, the power -supply dc output voltage 
remains constant at a definitely incorrect voltage it is possible that a 
precision voltage-divider resistor in the regulating system has changed 
value, or that the regulating-system tube whose grid receives the dc output 
voltage from the precision-resistor voltage divider is faulty. 

k. Low or high p ower-line voltage . A properly operating power supply 
of the general form shown in Fig. 12-16 can maintain its rated dc output 
voltages, under normal load-current variations, even though the power- 
line voltage varies over a wide range (often 105 to 125 volts)* If the power 
line voltage is sometimes or consistently below the rated range hut not 
ordinarily al»ove the rated range, perhaps the best remedy is to use an 
autotransformer as shown in Fig. 12-17, 
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If the power-line voltage is sometimes or consistently above the rated 
range but not ordinarily below the ratal voltage, we can use the autotrans¬ 
former arrangement of Fig. 12-IS. 

Instead of an autot tans form e r, we can use an ordinary low-voltage trans¬ 
former (such as a filament transformer of adequate current rating) to bring 
a high or low line voltage into the rated range for the oscilloscope power 
Input. Figure 12-19 shows the required connections. By reversing the 
connections to one of the transformer windings, we can either raise or 
lower the voltage applied to the oscilloscope. 

If the power-line voltage varies both above and below the rated voltage 
range, we can consider using a voltage-regulating transformer that main¬ 
tains an output ac voltage within the rated range. Such voltage-regulating 
transformers are available commercially. t 



line waveform. 


>kage power supply. The cathode* ray tube in your oscilloscope 
urce of several thousand volts at a small current--usually 
LUiampere. Figure 12-20 shows an example of a power supply 
,1s need. Here the ac source Is a Hartley oscillator (V80U) 
at about 50 kilocycles. The oscillator coil serves as che high- 
transformer primary. 


low-voltage SECONDARY 
(REVERSE THE SECONDARY 
CONNECTIONS TO DRQp 
^ OSCILLOSCOPE- IN|>UT 
VOLTAGE INSTEAD OF 
RAISE IT) 


POWER-UNE 
VOLTAGE 
(TOO HIGH OR 
TO LOW) 


A simple arrangement tor bringing a line voiingi: mat ^ 
high ar loo tow within tht rued Input-j^luge r»nge of your 
oacllluiicope, ** & tt anatormer, you mlfchr ubc a lUummi 
transformer having a current adequate far the power-mpui 
circuit to your oflciLtoacope, By reversing the connection* 
to one of the transformer winding* p you cm either raise 
the osc11 loKupe-tnput voltage or lower k» 

aee from one of the transformer-secondary windings 
r that utilizes rectifier tubes V832, V842, and V852 
read of grounding the upper terminal of the transformer 
the voltage tripler-as in Fig. 12-7 -the arrangement 
pletes the circuit ground by way of the + 100-volt 
The output voltage from the triplet (-t-8650 volts) 
positive voltage for the cathode-ray tube. C836 and 
HC filter for this + 8650 -volt supply (see Sec. 12-4). 

Fig. 12-20, we operate the cathode-ray-tube cathode 
dsveloo this negative dc voltage we separately rectify 


Electron -accelerating voltage between the cathode* ray, 
iphor is the difference between +8650 volts and -1351 


tube Latnou 
volts, or lG,Q0u volts 



V022 



Typical hlgb-vuliage nupp 3 y to- operate a cathode-ray tube. 
ThU supply deliver* a r^SO-votr output lor the accelerating 
anode and a ■ 1350 - volt output for the cathode-ray -tube carhodv 
^thun providing a total elec iron-beam- accelerating voltage of 
10,000 voltaj. The apfliem alw LncU)d«a a 1450- voh floating 
power supply tor * dc-cou.pltsl unblsinltiJig circuit. 



a capped-off portion of the ac voltage from the transformer winding mat 
drives the voltage tripier. The separate rectifier for this -1350-volt supply 
Is V862, operating as a half-wave rectifier (Sec. 12-3a). C831 filters the 
output of this supply. 


The oscilloscope that includes the power supply oi rig. az-zu uses a 
dc-coupled unblanking system (Sec. ll-12c). As we observed in Fig. 11-34, 
such a system requires a separate floating power supply, in Fig. 12-20, 
this floating power supply uses V822 as a half-wave rectifier. The floating 
power supply is rated to deliver 1450 volts between points P and Q in 
Fig. 12-20. 

For one reason or another, the high dc output voltages from the power- 
supply system of Fig. 12-20 might vary. (One reason for output-voltage 
variations is that the unregulated + 325-volt supply voltage for the oscillator 
tube V800 might vary, as mentioned in Sec. L2-7e.) To correct any variations 
in the output voltages from the high-voltage supply, we include a voltage- 









INDEX 


Subject 

Ac triggering-signal coupling 
Amplifier limitations 
Amplifiers: 
cascode 

cathode-coupled 
dc-coupled 
differential 
distributed 
distributed, need for 
grounded-grid 
horizontal 
horizontal, external 
paraphase 

push-pull, gain control 
trigger-input 

Amplitude of pulse, definition 

Back emf in an inductor 

Bandwidth and risetime relationship 

Bandwidth requirements of oscilloscopes 

Bootstrap capacitor 

Bootstrap time-base generator 

Braided delay lines 

Bridge rectifier, power 

Capacitances: 

input, cathode follower 
input , need for low value 
input, plate-loaded amplifier 
shunt, in square-wave testing 
vertical-input, adjustment 
vertical-input, need for adjusting 
Capacitive integrator 
Capacitor responses to applied pulses 
Cascade LC networks, delay lines 
C as code amplifier 
Cathode-coupled amplifiers 
Cathode-follower probes 
Cathode followers, 
general circuit 
input capacitance 
output Impedance 
output-signal polarity 
voltage gain 

Cathode-interface impedance 
Circuit responses to applied pulses 


Pages 

11-8, 11-9 
5-28 to 5-53 

5-26 to 5-28 
7-1,7-2 
5-16, 5-17 

7- 12,7-13 

8- U to 8-18 

8- 12 to 8-14 

5- 25,5-26 

11 - 1 , 11 - 6 , 11 - 20 , 11-21 
11-22 to 11-24 
7-7,7 -8 

7- 11 

11- 3, 11-5, 11-9 
1-2, 1-3 

1- 5 

2- 27 

2-27 to 2-29 

6- 12 to 6-14 

9- 6 to 9-11 

8- 11, 8-12 

12- 5 


6- 7,6-8 
6 - 1 , 6-2 
5-2, 5-3 
2-11 
4-8, 4-9 

4- 7,4-8 
3-11 to 3-14 
1-16 to 1-18 
8-9 to 8-11 

5- 26 to 5-28 

7- 1,7-2 

6- 8 to 6-10 

6-1 

6-7,6-8 
6-4, 6-5 
6-3, 6-4 
6-5 to 6-7 
5-31,5-32 
1-4 


Subject 


Pages 


Circuits: 

clamping 

compensating or peaking 
differentiating, description 
differentiator 
hold-off 

horizontal amplifier 
integrating, description 
Miller runup time-base system 
Miller runup time-base system, early 
peaking or compensating 
RC 

rectifier, power 
sweep-gating multivibrator 
time-base generators 
trigger multivibrator 
unblankinp* 

Clamping circuits 
Coaxial cables, delay lines 
Combination peaking 
Comparators, voltage 
Compensated voltage dividers 
Compensating or peaking circuits 
Compression, amplifier limitations 
■ Ud <r system, interstage 
^ ^ " "‘curves 

Current w^^orms, displaying 
Cutoff rate, peaking effect 


9-6 

5-3 to 5-6 
3-1, 3-2 

11-6, 11-13, 11-14 
11-5,11-7, 11-16, 11-17 
11 - 1 , 11 - 6 , 11 - 20 , 11-21 

3- 2,3-3 

11-1, 11-6, 11-14, 11*15 

11- 44 to 11-46 
5-3 to 5-6 
2-7 to 2-10 

12- 3 to 12-9 
11-1, 11-6, 11-14 
9-3 to 9-20 
11-1, 11-6, 11-13 
11-49 to 11-54 
9-6 

8-8, 8-9 
5-12 
7-3,7-4 

4- 10 to 4-12 

5- 3 to 5*6 
5-29, 5-30 
2-10, 2-11 
2-6, 2-7 

4- 13 to 4-16 

5- 5, 


Dc component of waveform 
Dc-coupled amplifiers 
Dc level and gain , permanence 
Dc level set with voltage divider 
Dc levels, dc-coupled amplifier 
Dc shift, amplifier limitations 
Dc triggering-signal coupling 
Delay of sine-wave signal, peaking effect 
Delay-line characteristics 
Delay-line terminations 
Delay lines 
braided 

cascade LC networks 
effect of discontinuity 
need for 
types 

Delay-pickoff systems, discriminator 
Delayed triggers 
Delaying sweep 

"A" DELAYED BY lf B" 


* 1-15, 1-16 
5-16 to 5-18 
5-21 to 5-25 
5-19,5-20 
5-18 

5-32,5-33 
11-8,11-9 
5-4, 5-5 
fi-3 

8-3, 8*4 
8-1 to 8-13 
8-11 to 8-13 
8-9 to 8-11 
8-4 to 8-8 
8 * 1 , 8-2 
8-8 to 8-13 
7-5 to 7-7 
11-31 to 11-35 
11-36 to 11-44 
11-38 to 11-44 


li 



Subject 


Pages 


11 B" INTENSIFIED BY tf A" 

U-36 to 11-38 

TIME BASE B 

11-36 

Derivative graph of waveform 

1-9 

Derivative of waveform, current or voltage 

1-7, 1-8 

at a single point 

1 -8,1-9 

Differential amplifier 

7-12,7-13 

Differentiating circuits, description 

3-1,3-2 

Differentiators: 


horizontal system 

11-6,11-13,11-14 

inductive 

3-3 to 3-9 

RC 

3-9 to 3-11 

Diodes, clipping, in multivibrators 

10-27 

Discriminator, voltage, for delay-pickoff 

7-5 to 7-7 

Distributed amplifiers 

8-14 to 8-18 

need for 

8-12 to 8-14 

Dual-trace preamplifiers, use in horizontal 

11-19, 11-20 

Duration of pulse, definition 

1-2 

Duty factor of pulse, definition 

1-2 

Eccles-Jordan multivibrator 

10-18, 10-19 

Falltime of an amplified square wave 

2-21 

Filters, power supply 

12-9 to 12-15 

capacitive 

12-9 to 12-12 

inductive 

12-12 to 12-14 

LC 

12-14,12-15 

Flat top of an amplified square wave 

2-19 to 2-21 

Flatness of frequency-response curve 

5-5, 5-6 

F requency controIs, multivlb rator 

10-6 

Frequency division by multivibrator 

10-8,10-9 

Frequency-response curves 

2-26, 2-27 

flatness, peaking effect 

5-5,5-6 

Full-wave rectifier, power 

12-4, 12-5 

Gain, voltage, plate-loaded amplifier 

5-1,5-2 

Gain adjustments. Internal 

11-21 

Gain and dc level, permanence 

5-21 to 5-25 

Gain control, variable 

7-8 to 7-11 

Gain control for push-pull amplifier 

7-11 

Gating waveform 

9-4, 9-5 

Grid current, amplifier limitations 

5-30,5-31 

Grounded-grid amplifiers 

5-25,5-26 

Half-wave rectifier, power 

12-3 

Harmonic composition of periodic pulses 

2-21 to 2-23 

HF SYNC mode, horizontal system 

11-19 

High-frequency response, peaking effect 

5-5 

High-frequency vs, square-wave response 

5-12 to 5-14 

High-voltage power supply 

12-24 to 12-26 


Subject 


Pages 


High-voltage probes 
Hold-off circuit 
Horizontal amplifier 
external 

Horizontal-deflection system, 
block diagram 
detailed operation 
dual-trace preamplifier use 
retrace Interval 
STABILITY control adjustment 
SWEEP LENGTH control 
TIME BASE B 
triggering-signal sources 
unblanking circuits 
waveform required 
Hysteresis In the Schmitt Trigger 


4-12, 4-13 

11 -5, 11-7, 11-16, H-17 
11-1, U-6. 11-20, 11-21 
11-22 to 11-24 

11-1 to 11-5 - 
11-7 to 11-24 
11-19,11-20 
11-6,11-7 
11-18 

11-3,11-4,11-6 
11-36 
11-7, U-8 
11-49 to 11-54 

9- 1 to 9-3 

10 - 21 to 10-23 


me 

catntA. ;e, limitations 

output, need for low value 
output, plate-loaded amplifier 
Inductive differentiator 
Inductor responses to current pulses 
Inductor responses to voltage pulses 
Inductors B back emf 
Input capacitances: 
cathode follower 
need for low value 
plate-loaded amplifier 
vertical, need for adjusting 
Input capacitance adjustment, vertical 
Input resistance, method of increasing 
Integrals of waveform , 

Integrator output 
Integrating circuits, description 
Integrator, capacitive 
Integrator output waveform 

LC networks, cascade, delay .lines 
Loading of source by vertical-Input 
Low-frequency response 
Low-voltage power supply 
general arrangement 
Initial operations 
operational characteristics 
thermal cutout and fuse 


5- 31 to 5-32 

6 - 2 , 6-3 

5- 2 

3- 3 to 3-9 
1 -10, 1-11 
1-11 to 1-13 
1-5 

6 - 7 , 6-8 
6 - 1 , 6-2 

5 - 2 , 5-3 
*4-7, 4-8 

4- 8, 4-9 

6 - 11 
1-14 

3-15 to 3-17 
3-2, 3-3 
3-11 to 3-14 

3- 15 to 3-17 

8 - 9 to 8-11 

4- 1, 4-2 

5- 14 to 5-16 
12-15 to 12-24 
12-15 to 12-17 
12-17 

12 -22, 12-23 
12-21 

11-21 

9- 15, 9-16 


lv 


MAGNIFIER, 5X 

Miller rundown time-base generator 



Subject 


Pages 


Miller runup time-base generator, circuit 

9-12 to 9-15 

Miller runup time-base generator, design 

9-11, 9-12 

Miller runup time-base system 

11-1, 11-6, 11-14,11-15 

early type 

11-44 to 11-46 

Multivibrator, 

frequency controls 

10-6 

frequency division 

10-8,10-9 

output connections 

10-5, 10-6 

symmetry controls 

10-7 

transition time 

10-26, 10-27 

Multivibrator clipping diodes 

10-27 

Multivibrator synchronization 

10-7, 10-8 

Multivibrators: 

astable, plate-coupled 

10-1 to 10-5 

bistable, Eccles-Jordan place-coupled 

10-18, 10-19 

bistable, general 

10-17, 10-18 

general description 

10-1 

monostable, general 

10-9,10-10 

monostable, cathode-coupled 

10-15 to 10-17 

monostable, plate-coupled 

10-10 to 10-14 

Schmitt Trigger 

10-20 to 10-27 

sweep-gating 

11-1,11-6,11-14 

trigger 

11-1,11-6, 11-13 

Negative-feedback loop, horiz. system 

11-21 

NORM./MAG. REGIS, adjustment 

11-22 

On-off ratio, definition 

1-2 

0 s cil 1 ator, un b lan king 

11-52,11-53 

Oscilloscope bandwidth requirements 

2-27 to 2-29 

Output impedances: 

cathode follower 

6-4,6-5 

internal, need for low value 

6-2,6-3 

pi ate-loaded amplifier 

5-2 

Output signal polarity, cathode-follower 

6-3,6-4 

Overshoot, peaking effect 

5-4 

Paraphase amplifier 

7-7,7-8 

Peaking 

5-3 to 5-12 

combination 

5-12 

series 

5-9 to 5-11 

shunt 

5-6 to 5-9 

Peaking effects 

5-4 to 5-6 

Peaking or compensating circuits 

5-3 to 5-12 

Period of pulse, definition 

1-2 

Periodic pulses, harmonic composition 

2-21 to 2-23 

Phantastron time-base generator 

9-16 to 9-20 

STABILITY control 

9-19, 9-20 

Pickoff systems, delay-, discriminator 

7-5 to 7-7 


v 


Subject 


Pages 


Power-line voltage, high or low 
Power rectifier circuits 
Power rectifiers 
bridge 
full-wave 
•^general 
half-wave 
Power supplies: 
high-voltage 
low-voltage 
rectifiers 
transformers 
voltage doublers 
voltage trlplers 

Power supply regulated by comparator 
Probes: 

c athode - f q&o w e r 
high-voltage 
a^d care 

Pulse on a limitations 

Pulse responses, 
of capacitors 
of circuit 
of Inductors 
of resistors 
Pulse sources, general 
Pulse-study definitions 
Pulses, periodic, harmonic composition 

RC circuit 
RC differentiator 

Recovery time, amplifier limimtions 
Rectifier circuits 
Rectifiers, power 
bridge 
full-wave 
general 

half-wave ’ * 

Regulated power supply 
Repetition frequency of pulses 
Resistance, input, method of increasing 
Resistor responses to pulses 
Retrace interval 

* Ringing, amplifier limitations 

Ringing, peaking effect 
Risetime, description 
Risetime and bandwidth relationship 
Risetime measurements 


12-23,12-24 
12-3 to 12-9 
12-3 to 12-5 
12-5 

12-4,12-5 
12-1 to 12-3 
12-3 

12-24 to 12-26 
12-15 to 12-24 
12-1 to 12-9 
12-1 

12-5 to 12-7 
12-8,12-9 
7-3,7-4 

6 - 8 to 6-10 
4-12, 4-13 

4- 4 to 4-7 
4~2 to 4-4 

5- 29 

1-16 to 1-18 
1-4 

1-10 to 1-13 
1-4, 1-5 
1-3, 1-4 

1- 2,1-3 

2- 21 to 2-23 

h 

2 - 7 to 2-10 

3- 9 to 3-11 

5- 28,5-29 
12-3 to 12-9 
12-3 to 12-5 
12-5 

12-4,12-5 
12-1 to 12-3 
12-3 

7- 3,7-4 
1-2 

6 - 11 

1- 4,1-5 
11-6,11-7 
5-29 

5-4 

2- 14 to 2-17 
2-27 

2-17 to 2-19 


vi 






Subject 

R undo wn time - has e gen e r ator f Mi 11 e r 
Runup time-base generator, Miller circuit 
Runup time-base generator, Miller design 
Runup time-base system, Miller 
Runup time-base system, Miller, early 


Schmitt Trigger 
dc levels 
description 
free-running 
hysteresis 
Series peaking 

Shunt capacitance, square-wave testing 
Shunt peaking 

Signal-current requirements 

Single-sweep feature 

Single sweeps, triggered 

Slope of waveform, current or voltage 

Source loading by vertical-input 

Square-wave vs. high-frequency response 

Square-waves, 
falltime 
flat top 
leading edge 
observations 
produced by harmonica 
testing, general 
STABILITY controls: 
horizontal deflection 
monostable multivibrator 
phantastron time-base generator 
Sweep, free-running 
S w eep - ga ti ng m ult i vibrato r 
SWEEP LENGTH control 
Symmetry controls, multivibrator 
Synchronization using multivibrator 

Terminations at end of delay line 
Thermal cutout and fuse, voltage supply 
TIME BASE B 
Time-base generators: 
basic design 
bootstrap 
Miller rundown 
Miller runup basic design 
Miller runup practical circuit 
phantastron 
Time-base systems: 
clamp rube 


Pages 


9-15,9-16 
9-12 to 9-15 

9 - 11,9-12 

11-1,11-6, 11-14, 11-15 
11-44 to 11-46 

10 - 20 to 10-27 
10-23 to 10-25 
10 -20,10-21 
10-26 

10- 21 to 10-23 
5-9 to 5-11 
2-11,2-12 
5-6 to 5-9 
8-12 to 8-14 

11- 24 to 11-27 
11-28 to 11-31 
1-5 to 1-7 

4 - 1,4-2 

5- 12 to 5-14 


2-21 

2-19 to 2-21 
2 -12, 2-13 
2-24 to 2-26 
2-23, 2-24 
2-1 to 2-3 

11-18 

10- 13,10-14 

9- 19, 9-20 

11- 17,11-18 
11-1, 11-6,11-14 
11-3, 11-4,11-6 

10- 7 

10-7, 10-8 


8- 3,8-4 
12-21 
11-36 

9- 3, 9-4 
9-6 to 9-U 
9-15,9-16 
9-11,9-12 
9-12 to 9-15 
9-16 to 9-20 


n 

n 

o 

(i 

i 

i 

r 

i 

i 

i 

t 


r 

r 


f 

i 

\ i 
L 
1 

L 

!i 
' L 
L 
L 



Subject 

Miller runup 
Miller runup, early type 
Time constant 
curves, applications 
Trace-starting, on negative slope 
Trace-starting, on positive slope 
Transformers, power 
Trigger-input amplifier 
Trigger multivibrator 
Trigger pfckoff 

Triggering-signal coupling, ac or dc 
T r igge r ing - s ign al so ur c es 
Triggers, delayed 

Unblajiking circuits 
dc-coupled 
RC-coupl^i 
deflection plates 
Unblanking oscillator 

ca* -deflection control 
V «1 v-V pacitance adjustment 

need foi 

Vertical-input circuit loading of source 
Voltage comparators 
Voltage discriminator for delay-pickoff 
Voltage-divider probes 
Voitage dividers, compensated 
Voltage dividers for setting dc levels 
Voltage doubler 

Voltage gain, plate-loaded amplifier 
Voltage gain, cathode-follower 
Voltage tripler * 

Waveform dc component 
Waveform derivative, current or voltage 
at a single point 
graphing 

Waveform Integrals 
Waveform slope, current or voltage 
Waveforms: 
current displaying 
gating 

horizontal -deflection requirements 
integrator output 
pulse types 


11-46 to 11-49 


t 



Pages 


HI, 11-6, 11-14, 11-15 

11-44 to li-46 

2-5, 2-6 

2-29, 2-30 

11 - 11 , 11-12 

11 - 9 to 11-11 

12 - 1 

11-3, 11-5, 11-9 
11 -1, 11-6, 11-13 
11-2, 11-3, 11-5, 11-7 
11 -8, 11-9 
11 - 7 , 11-8 
LI-31 to 11-35 

11-49 to 11-54 
11-53 

11-49 to 11-52 
11-53,11-54 

11- 52, 11*53 

4-9, 4-10 
4-8, 4-9 
4-7, 4-8 
4-1,4-2 
7-3,7-4 
7-5 to 7-7 
4-2 to 4-4 

4- 10 to 4-12 

5- 19, 5-20 

12- 5 to 12-7 

5- 1,5-2 

6- 5 to 6-7 
12 -8, 12-9 


1-15, 1-16 
1-7, 1-8 
1-8,1-9 
1-9 
1-14 

1-5 to 1-7 

4-13 to 4-16 
9-4,9-5 
9-1 to 9-3 
3-15 to 3-17 
i-I 


vii 


vill 



CHAPTER 1 PULSE VOLTAGES AND CURRENTS 


.Some quantities of interest in pulse studies • Central nature of a pulse 
source » Responses to current and voltage pulses * Pulse responses of 
resistors # Hack tmf in an inductor* Slope of a current or volume wave¬ 
form « Derivative of a voltage or current * Derivative at a smgk point 
on a waveform * Graph of the derivative of a voltage or current * license 
of an inductor to a current pulse • Response of an inductor to a voltage 
pulse; the slope problem reversed • Integrals • De component * Responses 
of capacitors to applied pulses 


CHAPTER 2 ' SQUARE-WAVE TESTING 

Square-wave testing * The RL circuit * Time constant • Other curves @ 
The RC circuit • Interstage-coupling system * Shunt capacitance * Leading 
edge of an amplified square wave * Kindi me * Risetime measure^ 
mencs * Flat top of the amplified square wave * halltime of the amplified 
square wave • Harmonic composition of periodic pulses * Iniormauon con¬ 
tained in a square wave * Square-wave observations • Frequency - response 
curves * Relation between riseume and bandwidth * Oscilloscope bandwidth 
requirements • Time-constant curves 


CHAPTER 3 DIFFERENTIATING AND INTEGRATING CIRCUITS 

Some typical needs for differentiating and integrating circuits • The inductive 
differentiator • The RC differentiator * The capacitive integrator • Another 
look at integration 


CHAPTER 4 INPUT CIRCUITS 

Loading of source by oscilloscope vertical-input circuit * Voltage-JiviJer 
probes • Some important thoughts on the use of probes * Need for adjust¬ 
ing the vertical-input capacitance • How to adjust the vertical-input 
capacitance* Control of the vertical-deflection factor * Compensated vol¬ 
tage dividers • High-voltage probes • How to display current waveforms 


CHAPTER 5 PLATE-LOADED AMPLIFIERS 

Voltage gain * Output- Impedance * Input capacitance • Peaking or com¬ 
pensating circuits * Shunt peaking • Series peaking * Combination peak¬ 
ing • Square-wave response versus high-frequency response * Low-fre¬ 
quency response * Dc-coupled amplifiers * Do levels * Voltage dividers 
for setting do levels* Permanence of gain and dc level • Grounded-grid 
amplifiers * Cascode amplifier * Amplifier limitations 


CHAPTER 6 CATHODE FOLLOWERS 

Need for a device having a small input capacitance * Need for a device 
having a small internal output impedance * Polarity of output signal from 
a cathode follower • Output impedance • Voltage gain * Input capacitance • 
Cathode-follower probes* A method of increasing apparent Input resistance * 
Bootstrap capacitor 


CHAPTER 7 



CIRCUITS BASED ON THE CATHODE FOLLOWER 

i 

Cathode-coupled amplifiers • Voltage comparators • Regulated power 
supply * Voltage discriminator for delay-pickoff systems * Faraphase 
amplifier • Variable gain control • Gain control for push-pull amplifier • 
Differential amplifier 



DELAY LINES AND DISTRIBUTED AMPLIFIERS 

Need for delay lines « Delay-line characteristics * Terminations at ends 
of delay line • Effect of a discontinuity • Kinds of delay lines * Signal- 
current requirements * Distributed amplifiers 


CHAPTER 9 TIME-BASE GENERATORS 

Required horizontal-deflection waveform • A basic time-base generator * 
Gating waveform • Clamping circuits * Bootstrap time-base generator * 
Basic Miller runup time-base generator* Practical Miller runup time- 
base generator * Miller rundown time-base generator * Phantastron time- 
base generator 


CHAPTER 10 MULTIVIBRATORS 

Place-coup Led as table multivibrator * Detailed operation of plate-coupled 
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